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Executive Summary

Active noise control (ANC) is proposed as a technology to overcome the limitations of
passive acoustic treatment suppression anticipated for future turbofan designs. Early system
noise studies of the potential of active noise control for turbofans of various fan pressure ratios
have indicated that noise reductions on the order of 2 EPNdB, averaged over all flight
conditions, may be expected. If these suppressions can be added to those from acoustic
treatment, and if the added weight and cost of the ANC systems can be constrained to reasonable
levels, the use of ANC in aircraft engines will provide added ability to meet future noise
regulations or to provide the competitive advantage of added noise margins.

The practical application of active noise control for aircraft engines involves two high-
risk technologies: 1) the development of a light-weight, high power actuator to generate the
required high intensity sound cancellation levels in the duct; 2) the development of a control
system algorithm that can be based on feedback sensors located within the nacelle itself (not in
the farfield where the suppression must be achieved). An additional technical problem is that the
ANC actuators would be most unobtrusively mounted flush to the surface of the nacelle inlet or
exhaust duct, making it difficult to control the generation of higher order radial modes.

The primary objective of this program was to investigate design methods for and
feasibility of an Active Noise Control (ANC) system for a discrete tone spinning mode generated
by a turbofan engine. In particular, the case where the ANC system must use flush-wall-
mounted actuators and the spinning mode tone is well cut-on, having many propagating radial
modes, was considered. ANC concepts that were capable of suppressing discrete-tone spinning
modes containing more than one cut-on radial mode were identified, developed analytically, and
evaluated. Design goals were to develop systems that suppressed at least three radial modes in
an inlet duct and three radial modes in an exhaust annulus. Requirement for placement of the
actuators and sensors in the duct and for control algorithms were specified. These designs
resulted in the definition of inlet duct and exhaust duct tests that were performed in coordination
with NASA in the 4-ft ANC fan in the NASA AAPL facility.

An active source cancellation system was implemented at the location of stator vanes in
the exhaust duct of ANCF. Effective suppression of twice blade-passing-frequency, (2BPF)
spinning mode order m=2 tone noise was achieved over a range of fan speeds 1800-2450 RPM,
which included sound fields with three cut-on radial order modes. Total 2BPF noise was
suppressed at most fan speeds, but by a lesser degree due to actuator mode spillover and low
baseline fan noise level.

For the m = 2 spinning mode, up to 15 dB PWL reduction was obtained with either two
or three radial modes present in the exhaust duct. In the inlet duct, up to 18 dB PWL suppression
was obtained for 2 radial modes present, up to 12 dB was obtained for 3 radial modes, and up to
4 dB was obtained with 4 radial modes. Thus, the ability to suppress multiple radial modes for
tones in both the inlet and exhaust ducts has been successfully demonstrated.
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Implications of ANC system design requirements on installation and system integration
issues for ANC systems capable of suppressing higher order radial mode content when applied to
current turbofan engines were evaluated. The predicted flyover noise benefits of an ANC engine
applied to an aircraft such as a 767 using twin CF6 engines have been found to be minimal. The
key problem is not that an ANC system would be predicted to not work as designed, but that the
benefits gained from reductions of the tones from typical aircraft flyover spectra are small.
Benefits would he higher if ANC were applied to an aircraft/engine combination for which tone
levels made a higher contribution to the overall noise.

An effective ANC system design will have to attempt to minimize the loss in passive
treatment area in order to maintain the suppression levels of fan broadband noise. This could be
accomplished using ANC drivers and sensors that are located in treated sections of duct and have
small areas open to the duct. To simplify the analysis for this study, the actuators and sensors
were located in dedicated hardwall segments. Possibly, the actuators might be designed to
provide some passive suppression if they are otherwise inoperable. The successful design of an
aircraft engine ANC system will require a system approach that balances suppression gains and
losses, possibly integrating the ANC system at the engine preliminary design phase. The
integrated design must address installation, operation, and performance issues engendered by the
ANC system requirements.



Development and Demonstration of Active Noise Control Concepts

1 Introduction
1.1 Problem

Two current developments in aircraft engines are confronting limitations on the amount
of noise suppression that can be achieved by the use of conventional duct lining acoustic
treatment. First, existing engines are being extended to higher and higher power ratings, without
substantial changes in the amount of treated area. Second, advanced design ultra-high-bypass
engines with thin, short outer nacelle structures will simultaneously increase the importance of
tones as contributors to the radiated noise levels and make it more difficult to provide adequate
passive acoustic treatment. Current passive treatment designs are near optimum, so that large
gains in suppression from treatment re-designs are probably not to be expected. Added passive
treatment suppression will require longer duct lengths, which will increase engine weight and
cost.

Active noise control (ANC) is proposed as a technology to overcome the limitations of
passive acoustic treatment suppression anticipated for future turbofan designs. Early system
noise studies of the potential of active noise control for turbofans of various fan pressure ratios
have indicated that noise reductions on the order of 2 EPNdAB, averaged over all flight
conditions, may be expected. If these suppressions can be added to those from acoustic
treatment, and if the added weight and cost of the ANC systems can be constrained to reasonable
levels, the use of ANC in aircraft engines will provide added ability to meet future noise
regulations or to provide the competitive advantage of added noise margins.

1.2 Background

The practical application of active noise control for aircraft engines involves two high-
risk technologies: 1) the development of a light-weight, high power actuator to generate the
required high intensity sound cancellation levels in the duct; 2) the development of a control
system algorithm that can be based on feedback sensors located within the nacelle itself (not in
the farfield where the suppression must be achieved). An additional technical problem is that the
ANC actuators would be most unobtrusively mounted flush to the surface of the nacelle inlet or
exhaust duct, making it difficult to control the generation of higher order radial modes.

The ability to control higher order radial modes is critical to being able to apply ANC to
current turbofan engines. Most fans are designed with blade-passing-frequency (BPF) tones cut-
off, by using a stator vane number to rotor blade number that is just above 2.0. This give a well-
cut-on second harmonic of BPF with a low spinning mode order (m-order) that is the major
remaining fan noise contributor. This 2BPF tone contains multiple cut-on radial modes at its
frequency of generation. A successful ANC system must address these problems.



1.3 Overall Program Objectives

The primary objective of the program was to investigate design methods for and
feasibility of an Active Noise Control (ANC) system for a discrete tone spinning mode generated
by a turbofan engine. In particular, the case where the ANC system must use flush-wall-
mounted actuators and the spinning mode tone is well cut-on, having many propagating radial
modes, was considered.

An ANC analytical simulation program was developed as a major tool and used for
design and evaluation of various actuator/control system configurations. Requirements for
actuator placement and control system operation will be determined. Two prototype fan rig tests,
one for the inlet duct and one for the exhaust duct, was conducted on the NASA ANC Fan Rig in
the AAPL to demonstrate concepts and evaluate progress for a limited increase in the number of
cut-on radial modes. Assessments of feasibility of applying ANC to a typical high bypass
turbofan engine were conducted based on system noise studies for a GEAE CF6-80C2 engine..

1.4 Previous Effort

In Task Order 5 NASA Contract NAS3-26617, entitled Active Control of Fan Noise:
Feasibility Study, an evaluation of system noise was completed and a prototype piezoceramic-
based, lightweight, high-power transducer was developed. The results of this effort are
documented in the following NASA CR’s:

NASA CR 195392 - Volume 1: Flyover System Noise Studies, Oct. 1994

NASA CR 195440 - Volume 2: Canceling Noise Source - Design of an Acoustic Plate
Radiator Using Piezoceramic Actuators, Mar. 1995

Volume 3: Active Fan Noise Cancellation in the NASA Lewis Active Noise Control Fan
Facility

Volume 4: Flyover System Noise Studies, Part 2

Volume 5: Numerical Computation of Acoustic Mode Reflection Coefficients for an
Unflanged Cylindrical Duct

Volume 6: Theoretical Analysis for Coupling of Active Noise Control Actuator Ring
Sources to an Annular Duct with Flow

1.5 Technical Approach

The program included four technical subtasks, conducted by the Prime Contractor and
several Subcontractors. The subtasks are as follows:

1. Develop an analytical simulation of ANC application to engine ducts based on a modal
analysis propagation program.
2. Develop inlet and exhaust duct ANC concepts for higher order radial mode application.
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3. Perform two development tests on NASA ANC fan in the NASA Lewis AAPL facility,
one in the inlet and one in the exhaust.
4, Assess feasibility of applying ANC to a typical high bypass turbofan engine

1.5.1 Develop Analytical Simulation Program

Analyses and computer codes were developed for analytical predictions that model the
operation of an ANC system in the inlet and exhaust ducts of a turbofan engine. The model
includes the fan source mode characteristics, the coupling of flush-mounted ANC actuators, the
acoustic propagation through treated and hard-wall ducts with uniform mean flow, the radiation
to the farfield, and the control system operation that uses pressures from duct wall sensors to
drive the actuators. Control system algorithms used for the ANC test hardware and software
were incorporated into the model..

1.5.2 Develop ANC Concepts for High Order Radial Mode Application

ANC concepts that were capable of suppressing discrete-tone spinning modes containing
more than one cut-on radial mode were identified, developed analytically, and evaluated. Design
goals were to develop systems that suppressed at least three radial modes in an inlet duct and
three radial modes in an exhaust annulus. Requirement for placement of the actuators and
sensors in the duct and for control algorithms were specified. These designs resulted in the
definition of inlet duct and exhaust duct tests that were performed in coordination with NASA in
the 4-ft ANC fan in the NASA AAPL facility. Results of testing and analyses were used to
evaluate the potential for application of ANC to the second harmonic of blade passing frequency
tone on a typical commercial turbofan.

1.5.3 Demonstrate ANC Concepts on NASA Fan in AAPL

Two ANC demonstration tests were performed on the 4-foot ANC fan in the NASA
Lewis AAPL facility. The first test was for the purpose of demonstrating an ANC system that
will suppress at least three cut-on-radial modes in an inlet duct. The objective of the second test
was to suppress at least three cut-on radial modes in the exhaust duct. Testing required
modification of the NASA fan rotor and stator, construction of duct spool pieces, and in-duct
measurement of modal content, as well as far field acoustic measurements.

1.5.4 Assess Practicality of ANC System Integration with Current Turbofan Engines

Implications of ANC system design requirements on installation and system integration
issues for ANC systems capable of suppressing higher order radial mode content when applied to
current turbofan engines were evaluated. A final assessment of the practicality of a proposed
ANC system design aimed at achieving a balance between suppression of higher harmonic tones
with multiple cut-on radial modes and system complexity of installation and operation was made.



1.6 Summary of Results

An active source cancellation system was implemented at the location of stator vanes in
the exhaust duct of ANCF. Effective suppression of 2-BPF spinning mode m=2 tone noise was
achieved over a range of fan speeds 1800-2450 RPM, which included sound fields with three
cut-on radial order modes. Total 2-BPF noise was suppressed at most fan speeds, but by a lesser
degree due to actuator mode spillover and low baseline fan noise level.

For the m = 2 spinning mode, up to 15 dB PWL reduction was obtained with either two
or three radial modes present in the exhaust duct. In the inlet duct, up to 18 dB PWL suppression
was obtained for 2 radial modes present, up to 12 dB was obtained for 3 radial modes, and up to
4 dB was obtained with 4 radial modes. Thus, the ability to suppress multiple radial modes for
tones in both the inlet and exhaust ducts has been successfully demonstrated.

The predicted flyover noise benefits of an ANC engine applied to an aircraft such as a
767 using twin CF6 engines have been found to be minimal. The key problem is not that an ANC
system would be predicted to not work as designed, but that the benefits gained from reductions
of the tones from typical aircraft flyover spectra are small. Benefits would he higher if ANC
were applied to an aircraft/engine combination for which tone levels made a higher contribution
to the overall noise.

If appreciable installation penalties have to be extracted for the ANC system installation
due to loss of passive acoustic treatment area, the overall benefit will decrease further, due to the
increase in fan broadband noise. The successful design of an aircraft engine ANC system will
require a system approach that balances suppression gains and losses, possibly integrating the
ANC system at the engine preliminary design phase. The integrated design must address
installation, operation, and performance issues engendered by the ANC system requirements.



2 Exhaust ANC System Design
2.1 Objectives

The goal of the research project was to demonstrate global suppressxon of rotor/stator
interaction tones in the NASA Lewis Research Center Active Noise Control Fan', for fan speeds
resulting in a minimum of three radial order modes in both the inlet and exhaust ducts. Because
of the differing duct geometries in the inlet and exhaust, the project was divided into separate
elements, to be combined following demonstration of the capabilities of each. The circular inlet
duct application was undertaken by General Electric Corporate Research and Development
(CRD) and the annular exhaust duct application was undertaken by Hersh Acoustical
Engineering, Inc.(HAE). In development of the exhaust duct application, HAE sought the
following:

e Accomplish the multiple radial order noise suppression using a compact and simplified
control system.

e Advance the development of tools for generalized design of active noise suppression systems
for advanced turbofan engines.

2.2 Background and Approach
Figure 1 shows a cutaway diagram of the ANCF at NASA/LeRC. The annular geometry

of the exhaust duct affords the possibility of control from both the inner and outer duct walls as
shown, allowing axially compact arrays of actuators and error sensors.

! Heidelberg, L.J., Hall, D.G., Bridges, J.E. and Nallasamy, M, "A Unique Ducted Fan Test Bed for Active
Noise Control and Aeroacoustics Research” NASA Technical Memorandum 107213 May, 1996
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Figure 1. Schematic Diagram of HAE Source Cancellation Installation on ANCF

In 1995-96, HAE? developed a control system for simultaneous suppression of inlet and
exhaust noise with two radial order modes. The system used arrays of actuators flanking the
hubs and tips of stator vanes in ANCF, configured similarly to Figure 1 but with a 20% smaller
inner duct radius. Global reduction of modes (4,0) and (4,1) was achieved, but system
performance was limited by inefficient coupling of the actuators on the inner duct radius. As
will be shown in a subsequent section, the problem is abated by increasing the inner radius and
addressing azimuthal mode 2 instead of 4 for the current study. This results in a greatly
improved predicted radiation efficiency from the inner actuator array and consequently reduced
modal contamination from array imperfections.

An additional limitation encountered in the 1995-96 study was the single controller and
actuator array used for simultaneous inlet and exhaust noise suppression. Because of the
different geometries of the two environments, the mode mixtures in the two were disparate in a
way that the simple system could only approximate. Diagnostic tests for control in one direction
at a time demonstrated a high degree of suppression. In the current study, the inlet and exhaust
environments are each addressed by separate control systems, alleviating this difficulty. A

remaining concern is the degree to which noise in the inlet will be increased as the result of
suppression in the exhaust.

Hersh, A.S., Walker, B.E., Leahy, R., Zhou, Z. and Heidelberg, L.J. “Active Control Dipole Sound Source
Cancellation of Axial Fan Rotor-Stator Interaction Noise,” U.S. Patent applied for, April 1994



In the 1995-96 study, error sensing was accomplished with three rows of outer wall
microphones each in the inlet and exhaust ducts. Because of the potential for acoustic reflections
from the exhaust and resultant contamination of the error signals, inner wall microphones were
added for improved sound field resolution in the current study.

Prior to final commitment to a system design, computer simulation models indicated
potential for substantial noise reduction. The design was first implemented with a modified
version of the GEAE AANCSIM?2® model. This model applies a Newton-Gauss search approach
to the control function and performs full modal power balance solutions to sound propagation
through the various duct elements. The program performs a modal separation at the error
microphone array and uses modal power levels as errors in the controller. This model predicted
approximately 17 dB suppression toward the exhaust and approximately 13 dB increase in noise
toward the inlet at the design frequency 1250 Hz.

A second computer model, HAE's ExhaustSim, was used to model the actual control
algorithm planned for use in the study. Modal transfer functions from the "fan" and the actuator
rows to the microphone rows are "measured” and used to compute an actuator drive vector that
minimizes the sum-squared error. Fan modal levels are entered from ANCEF baseline data and
actuator coupling factors are entered from a Greens Function model, discussed in Appendix A.
The ExhaustSim model predicted approximately 25 dB exhaust suppression and 6 dB increase in
noise toward the inlet.

Since both computer simulations predicted successful noise suppression (albeit with
somewhat different expectations), a similar system had been successfully demonstrated in a
similar program with different objectives, and the proposed system was compact and
geometrically straight-forward, the axially spaced inner/outer duct actuator and error microphone
array approach was selected for physical implementation on ANCF.

2.3 Exhaust ANC System Details

As discussed above, the system concept was selected on the basis of prior success,
computer simulation performance conformity with the objectives of simplicity and compactness.
Details of the various components were determined based on the objective of evolving the
system design toward commercial implementation.

2.3.1 Actuators

Electrodynamic, fluidic and several variants of piezoelectric transducers have been
explored as actuators for active noise suppression systems. Table 1 below shows several generic
actuator type and relative excellence in several applicable performance categories.

3 See Section 10.3.



Table 1 - Actuator Type Evaluation Summary

Actuator Type | Piezo/Aluminum | Piezo/Aluminum | Piezo Thin | Electrodynamic
Off Resonance | Near Resonance Layer

Perfomance Unimorph

Criterion

Light Weight + + ++ --

Rugged ++ ++ ? -

High Mech. Z ++ - - --

Uniformity + - + ++

Mounting Vibr. - - + ++

Output Sens. - + - ++

As can be seen in Table 1, piezoelectric/aluminum laminate actuators excel in most
categories, especially when operated away from mechanical resonance frequencies. Their
ruggedness and light weight make them strong candidates for use in aircraft engine applications.
They are weak in two important categories - mounting vibration excitation and output sensitivity.
The former results in a need to design the actuator mounts as an integral part of the treatment
structure. The latter requires use of high voltage power amplifiers.

Piezo/aluminum laminate actuators were used in three prior studies and were selected for
re-use in the current program rather than redesign and fabricate new ones for the specific test
conditions. This was a compromise, as the fan speeds of the current tests are up to 30% higher
than those for which the actuators were originally intended.

Operation near resonance resulted in a requirement to calibrate the actuators and
amplifiers carefully in an attempt to minimize modal spillover from the actuator arrays.
Therefore, each actuator was driven by a separate power amplifier that could be adjusted both in
gain and in feedback characteristic to trim the response near the mechanical resonance of the
actuator.

2.3.2 Actuator Arrays

It was predetermined from the fan configuration of 16 rotor blades and 30 equally spaced
stator vanes that the target mode was m=2. From the speed range (up to 2450 CRPM) it was
determined that in the exhaust duct, up to three radial order modes would be cut on in both the 18
inch initial diameter and 24 inch final diameter sections. It is expected that multiple cutoff radial
order modes would be generated in the transition regions.

In order to align well with the stator vanes, annular arrays of 15 equally spaced actuators
were selected. When excited with signals advancing 48° per actuator around the annulus, mode
m=2 will be radiated. Because it is composed of discrete elements, the array will also radiate
modes m * 15p where p is any integer. The nearest such aliased mode is m=-13, which cuts on
at a frequency of 1327 Hz (2488 CRPM) in both segments of the exhaust duct, above the planned



test range (2450 CRPM) and not a significant concern. (Note that mode -12 is cut-on within the
test range, so that 15 actuators per annulus represents the minimum array for the test.)

By using external circuitry as shown in Figure 2 to advance the actuator phases as
required for the target mode, it is possible to limit the controller to a single output per target
mode per actuator annulus, resulting is a substantial reduction in complexity relative to a totally
generalized control system.

In Figure 2, the four input lines correspond to actuator arrays identified as:

U.O. Outer Wall Upstream of the Stator Tip
U.I.  Inner Wall Upstream of the Stator Hub
D.O. Outer Wall Downstream of the Stator Tip
D.I.  Inner Wall Downstream of the Stator Hub

Each input is buffered and split into 0° and 90° components using and analog offset delay line
approach pseudo-Hilbert transform synthesizer. Inverting amplifiers are then used to provide
180° and 270° signals. Actuator signals are then derived from the four quadrature components
using summing amplifiers with weighting resistances determined as

R

real

=10,000/cos(8,), R

imag

=10,000/sin(8,) (1)

When negative resistances are required, the 180° and 270° drive signals are used. It may
be seen that this approach is readily adapted to any mode or actuator count.
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Figure 2 Schematic of Mode Distribution for 15 Actuators at Mode m =2

2.3.3 Error Sensing Microphones
Conversely, in order to resolve azimuthal mode orders with microphone arrays, equally

spaced annuli were installed in the duct. Similar aliasing considerations apply as with the
actuators, but the minimum number is dictated only by the maximum m-order present rather than
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the maximum possible. Ten microphones per annulus were selected, which resolve mode m=2
by retarding the phases 72° per microphone around the annulus and then summing the signals.
Potential mode aliasing would then occur at m=-8, m=12, etc. The ANCF inlet control device 1s
constructed in 22 segments, resulting in minor inflow distortion that generates mode m=10. The
10-microphone array was selected in lieu of an originally considered 8-microphone array to
avoid contamination by this element.

Figure 3 shows the simple on-line signal processing network used to isolate mode m=2
from each of the microphone annuli. The network was implemented using all analog
components to minimize digital /O and signal processing burden. The disadvantages of this
approach is that microphones must be well matched in each annulus and that a separate network
is required for each mode to be resolved.
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Figure 3 Schematic of On-Line Mode Separation from 10 Microphones to m = 2
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In addition to the processing simplicity of the analog approach, it provides on-line modal
signals that can be observed on an oscilloscope or spectrum analyzer, facilitating system
diagnostics.
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The network shown in Figure 2 is essentially 3 in reverse. Microphone signals are
injected at the input terminals, buffered and split into positive and negative polarities. They are
then combined into “real” and “imaginary” geometrical sub-sums, which are then rotated 90°
phase relative to one another and added. Summing junction resistances are computed in
accordance with Equation (1).

Individual microphones in the system were Knowles type BT1755 electret condenser
units with integral source-followers. NASA preamp arrays of HAE design were used to buffer
the microphone signals and trim the gain for uniform response.

2.3.4 Controller

The Adaptive-Quadrature (A-Q) control algorithm has been adopted for use in single and
multi-tone suppression systems, based on bandwidth capability, rapid convergence and
processing simplicity.

The A-Q algorithm performs the following functions in sequence:

e Measures the fan signal from all error sensor channels;

e Injects the BPF harmonic signal into each controlled actuator channel and measures the fan
plus actuator signal from all error sensor channels;

e Subtracts the fan signal from each fan plus actuator to error sensor transfer function;

e Computes and applies the minimum-norm actuator channel drive vector (complex) that will
combine with the fan noise to produce a minimum in the sum of the squares of the error
signals.

e Following the initial adaptation, the system sequentially perturbs the real and imaginary parts
of the actuator drive signals and determines on-line corrections to maintain the minimization
of the error signals.

Unlike the Filtered-X or similar algorithms, which process an externally synthesized
reference signal for application to the actuators, the A-Q algorithm generates the real and
imaginary parts of control signals using DSP lookup tables and uses a fan tachometer only for
system timing. The results of the “solver” in the algorithm are multipliers for the reference
signals, so that the actual control calculations can be carried out at a slower rate than the signal
[/O. Control updates must, however, occur more rapidly than fluctuations in fan parameters.

An added complexity of the ANCF duct tests is the presence of the rotating rake microphone
system when measuring inlet modes. The rake is a radial strut that rotates at 1% of the fan
speed. When the rake is used in the inlet duct, wakes shed by the rake interact with the fan rotor,
resulting in multi-mode sound radiation at frequencies slightly displaced from BPF harmonics.
To avoid confusion of the active control system by these spurious signals, the bandwidth of the
active control system must be narrow enough to reject them. This was accomplished by
homodyne filtering the error signals and then block averaging to synthesize sin(x)/x filters with
response zeros at the rake-induced sideband frequency

12



2.3.5 Modal Control Considerations

For reference, Figure 4 illustrates the radial distribution of sound pressure for mode m=2,
n=0,1,2 in the ANCF exhaust duct. Note that at the location of the actuators, the duct inner to
outer radius ratio is 0.375 and at the microphones it is 0.500. Eigenvalues, cutoff frequencies

— (assuming mach 0.1 flow speed) and axial wavelengths for 2300 nominal fan RPM are given in
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Figure 4 Annular Duct Mode Shapes for m =2 in ANCF Exhaust
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Table 2 Properties of Modes Shown in Figure 4

n Actuator Region Microphone Region
Rinner/Router = 0.375 Rinne/Router = 0.500
Olmn Feo A2300RPM Olmn Feo A2300rPM
0 | 0.916286 253 11.2in | 0.853454 236 11.11in
1 | 2.016933 558 12.3in 2.24855 622 12.7 in
2 | 3407914 942 17.1in | 4.122003 1140 29.5in

Approaches to active control of a complex sound field include full spatial control, full
modal control and mixed modal/spatial control. The ordering of the sound field in a turbofan
that results form excitation by regular periodic, quasi-axisymmetric sources offers a strong
motivation to use some degree of modal control. As discussed above, it was elected to address
azimuthal order modes, using carefully implemented arrays of actuators to radiate the same
modes as are generated by the fan. The remaining decision regards controlling the radial and
axial structure of the sound field.

The full modal contro! approach would require radial and axial mode separation with the
error sensor array and pre-weighting actuator array drive signals for single radial mode
generation. Each radial mode would be treated as a separate control channel. The approach was
rejected because the duct geometry is not adequately uniform to allow accurate radial and axial
mode separations or reliable predetermination of individual mode actuator drive vectors (this can
be done readily for idealized conditions).

The first mixed modal/spatial approach would be to separate the radial modes at the
microphone array and use the modal amplitudes as error signals, but drive the actuator annuli as
separate controlled sources, allowing the controller to seek the drive vector that minimizes all
modes. This again was rejected because of duct geometry considerations, primarily uncertainties
regarding reflections from the exhaust “nozzle” and mode scattering by the expanding inner
radius just upstream of the microphone array.

The second mixed modal/spatial approach uses microphone annuli as individual error
sensors and actuator annuli as individual controlled sources, each operating at a specific
azimuthal order mode. To use this approach, care must be exercised in microphone positioning
to avoid standing wave nodes. In addition, microphones must be far enough from actuators to
allow cutoff modes to decay adequately. This approach was taken in the final system
implementation. Simulations shown below illustrate the potential noise reduction capabilities.

2.4 Final Exhaust ANC System Description

A block diagram of the ANCF exhaust duct control system is shown in Figure 5. In
summary, it consists of

14



e Six annuli of 10 error sensors, three each on the inner duct wall and outer duct wall. The first
annulus is approximately 15 inches downstream of the actuators. The second and third
annulus are 7 inches and 11 inches downstream of the first, respectively.

e Microphone preamplifiers and spatial filter networks to produce a mode m=2 output signal
from each of the six microphone annuli.

e Six-input, four output A-Q controller, including 2-BPF sine and cosine signal synthesizer
timed by the fan tachometer and processing means to seek the least mean squared sum 2-BPF
error signal

e Four signal distribution systems to drive 15 actuators each with a 48° per actuator phase
advance.

e Power amplifiers and piezo/aluminum actuators arranged in four annuli of 15 each flanking
the stator vanes. Axial center to center spacing of the actuator annuli is 8.5 inches.
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Figure 5 Block Diagram of Exhaust Duct Active Control System
Not shown in Figure 5 is a second computer and analog interface, connected to the system

error, control and reference signals, used for on-line monitoring and logging of system
parameters.
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3 Exhaust ANC System Test Program

Tests were conducted at NASA Lewis Research Center over the time period of July, 1998
to January, 1999. The tests involved extensive preparatory, calibration and data collection
procedures. Performance data was collected by NASA using the rotating microphone rake
system, and data evaluation was performed by NASA.

3.1 Hardware Preparation

Mounting assemblies for the four actuator arrays were designed to provide uniform 24°
azimuthal and 8.5 inch axial spacing, centered on the ANCF 30 vane stator row. For the outer
duct radius, this consisted of milling mounting surface and radiation ports for 4.5-inch diameter
actuators on a stahdard 48-inch ANCF duct spool. For the inner duct radius, mounting rings
were machined from Delryn plastic in modules to receive three 3.3-inch actuators each as shown
in Figure 6. In addition, a bulkhead assembly (Figure 7) was designed that could support the
actuator arrays without interfering with the stator assembly.
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Figure 6 Diagram of Inner Actuator Modular Mounting Assembly
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Figure 7 Mounting Bulkhead for Inner Actuator Array

Switching power amplifiers with variable current and voltage feedback capability were
fabricated and matched to the characteristics of specific actuators. Cable harnesses were
fabricated for connection of the amplifiers to actuators mounted on ANCF.

Actuators were mounted on the ANCF spool and the Delryn rings and installed in the 48-
inch static test duct at HAE. The mode m=2 signal distribution network, power amplifiers and
actuators were connected and the near-field response of each actuator was measured using a
TEF-20 electro-acoustic system analyzer. Amplifier gains were set to minimize amplitude
variations for each array. Current/voltage feedback ratios were adjusted to provide the required
48° per actuator position phase advance around the array. Outlying actuators or amplifier
channels were identified and replaced.

Mode m=2 microphone array processors were fabricated and tested. Microphones and
cable assemblies for the inner duct wall were fabricated and tested. Microphone mounting
assemblies for the inner and outer duct walls and microphones for the outer walls were provided
by NASA.

Controller algorithms were implemented on a PC-based Spectrum Quad-TMS320C40 DSP
board, with the following Input/Output assignments:

e 6 Error Signal Inputs

e 128x Fan Shaft Pulses Timing Signal Input

17



¢ 4 Control Channel Ouputs

e Sine Reference Signal Output

e Cosine Reference Signal Output

e DC Ouput Proportional to Mean-Square Error

All signal outputs were conditioned for anti-aliasing or signal reconstruction using 8-pole
lowpass filters with a passband limit of 1250 Hz.

3.2 System Calibration on ANCF

Following installation of microphone and actuator arrays on ANCF, a final calibration
was conducted for each transducer.

For microphone calibration, a closed coupler was fabricated consisting of a small
electrodynamic loudspeaker and electret microphone in a 3-inch diameter PVC cylinder, with a
face milled to match the ANCF duct curvature (separate couplers were built for inner and outer
duct walls). Using the TEF-20 analyzer, the response of each microphone was measured,
including the preamplifiers and mode separation processor. Microphone preamp gains were
trimmed to #0.2 dB. Phase advance of -72° per microphone around each array was checked and
verified or corrected.

Individual actuator gain and phase was calibrated in a similar procedure, using a near
field microphone placed over the center of each actuator’s radiation port.

3.3 Actuator Array Tests

Following transducer calibration, modal radiation was tested using the NASA rotating
rake system. With the fan idling at slow speed, the fan tachometer was placed on an auxiliary
electric motor shaft with variable speed control. The tachometer 128x output signal was used to
synchronize the wave synthesis portion of the controller system so as to produce a 2-BPF signal
(based on the auxiliary motor speed) for application to the actuator arrays. Simultaneously, the
tachometer signal was used to synchronize the movement of the rotating rake in the ANCF
exhaust duct. At several simulated fan speeds encompassing the program test range (up to 2450
RPM) the modal output of each of the four actuator arrays was measured and stored.

3.4 In-Duct Active Control Tests

Active control tests were conducted over a range of fan speeds including two and three
cut on radial order modes. At most fan speeds, the full system was operated, i.e. with all six
rows of error microphones and four rows of controlled actuators. However, system analysis
indicated that a sub-set of four microphone rows would be adequate and this subset was planned
for used in a combined inlet-exhaust control demonstration. At fan speed 2300 RPM, the system
was tested with several combinations of the six microphone arrays taken in sets of four.
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For each active control test condition, the rotating rake was used to measure the mode
structure in the exhaust duct with the active control system on and off. Subsequently, the
rotating rake was relocated to the inlet duct and the measurements were repeated for a
representative subset of fan operating speeds and control system configurations.

3.5 Exhaust ANC System Test Results

A full compendium of the test data and active noise reduction results is presented in
Section 8. Presented below are a summary of the overall results, indicating the performance
potential of the system together with some of the problems that were encountered.

3.5.1 Actuator Array Radiation

An example of the modal radiation by the actuator arrays is shown for two different
frequencies in Figure 8 and Figure 9 It each case the target mode m=2 is clearly dominant, but
particularly for the outer duct wall actuator arrays, spurious mode radiation is high enough to be
a limiting factor in the performance of the noise suppression system. (For the upstream-outer
actuator array, the total non-target mode power at 2300 RPM exceeded the target mode power by
about 2 dB.)

The mode spillover shown by these two plots exceeds considerably the amount predicted
based on the near-field actuator response non-uniformity. A possible explanation is structural
excitation of the duct wall by the actuators. The actuators were mounted using compliant screws
and gaskets, but this may not have been adequate, and should be explored further.
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— 3.5.2 Active Control Performance

A summary of the test results is shown in Figure 10. In each case from 1800 to 2450
77777 RPM (960-1307 Hz) significant attenuation was achieved in all cut-on radial orders. Total 2-
BPF noise was also reduced (this data not available at 2000 and 2400 RPM) but by a smaller

degree due to modal distortion in the actuator arrays and the fan output.

25
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Figure 10 Summary of Exhaust Duct Insertion Loss Test Results

3.6 Summary of Exhaust ANC System Test Results

An active source cancellation system was implemented at the location of stator vanes in
the exhaust duct of ANCF. Effective suppression of 2-BPF spinning mode m=2 tone noise was
achieved over a range of fan speeds 1800-2450 RPM, which included sound fields with three
cut-on radial order modes. Total 2-BPF noise was suppressed at most fan speeds, but by a lesser
degree due to actuator mode spillover and low baseline fan noise level.
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4 Exhaust System ANC Analytical Simulations

As was indicated in the previous section of the report, both the GEAE AANCSIM2 and HAE
ExhaustSim computer models were used in the assessment of performance potential and
establishment of parameters for the active control system.

4.1 AANCSIM2 Model

The following input NameList file was used to simulate the control system in
AANCSIM2.

$CASEANC
HEAD='ANNULAR ANC TEST CASE HAE SYSTEM SIMULATION'
R1=0.75
R2=2.0
FREQ=1250.
NSEG=6
NM=6
2(1)=1.33 .17 .4 .4 .17 2.0
CsS=1117.
RHO=0.00232
MPROF(1)=-1 -1 -1 -1 -1 -1
MO(1)=0.0 0.0 0.0 0.0 0.0 0.0
MWl (1)=
MW2 (1) =
BLTIW(1
BLTOW(1
NBLEX1 (
NBLEX2 (
SLTIW(1
SLEMIW (
IADMI (1
IADM2 (1
BETALl(1
ZETAL (1)
BETA2(1) =
ZETA2(1) =
NDELM=10
NEXP=2
NBLS=10
IDGN=0
EVIMAX=15.0
INAX(1)=1 1 11 11
IEVR=0
ICHK=0
IPODTL=1
IIPO=0
IMPO=0
IENPO=0
IPRINT=0
NSPF=7
NSPB=6
QVF(1,1)=(20.,0.0),(10.0,0.0),(10.0,0.0),(10.0,0.0)

0.0 0.
0.0 0.
.0 0.0
.0 0.0

ocooo
cooo
cooo
cooo

IIOOOO
o O

0 00O0O
0 000060
.0 0.0 0.0 0.0 0.0 0.0
0.0 0.0 0.0 0.0 0.0 0.0
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QVB(1l,1)=(20.,0.0),(10.0,0.0),(10.0,0.0),(10.0,0.0)
$END

$PRSNS

NSEGPS=6

NPSENS=36

ZPS(1)=10*1.25,10*1.8,10*1.25,10*1.8
THPSD(1)=0.,36.,72.,108.,144.,180.,216.,252.,288.,324

THPSD(11)=0.,36.,72.,108.,144.,180.,216.,252.,288.,324
THPSD(21)=0.,36.,72.,108.,144.,180.,216.,252.,288.,324
THPSD(31)=0.,36.,72.,108.,144.,180.,216.,252.,288.,324
NPSWALL(1)=20*1,20*2

SIGSPL=0.0

SIGPHS=0.0

SCALSPL=0.0
SCALPHS=0.0
SPLBKGD=40.
NRANDSEED=3408
SEND
SANCIN
NANC=4
NACT (1)} =
NANCSEG(l
SLDTY (1) =
IWALLACT (
NUMSPNM=1
ICFWDBK=2
MSMANC=2
NRDANC=4
MSMC (1) =2
JRDL(1)=4
CMU=0.5
CLAM1=0.05
CLAM2=0.05
VMGIN=1
WFAC=1.E-6
ACTVLSD(1)=0.0,0
ACTPHSD(1)=0.0,0.
0,0
0,0

I—‘OVU‘I

ACLMVSD(1)=0.
ACLPHSD(1)=0.
ITROUT=0
NACTOUT1(1)=0
NACTOUT2 (1) =0,
NELEMOUT1(1,1)
NELEMOUT2(1, 2)
NUMITR=100
SEND

SRFMAT

MSMR=2

RS= 36*(0.,0.)
RT= 36*(0.,0.)
SEND

cooo
cooo
cooo
cooo
cooo

’ IOIO
0,0

0
0.0,
=0,0,0
0,0,0

i ’

Using the above input data, AANCSIM2 predicted 20-25 dB suppression but 11 dB
increase in noise toward the inlet, as shown in Figure 11.
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Figure 11 Plot of Predicted Exhaust ANC Convergence from AANCSIM2

The large predicted increase in sound in the inlet direction did not agree well with prior
experience with the source-cancellation control concept. Examination of the actuator modal
coupling results within AANCSIM2 indicated a higher weighting toward lower radial order
modes from both inner and outer wall actuators than had be measured in previous source-
cancellation tests.

4.2 Green's Function Analysis and ExhaustSim
In an effort to resolve this question, a Green's Function analysis of the source coupling

issue was undertaken. Section 3 of the report presents the details of this investigation. A
summary of results for one test case is shown in Table 3.
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Table 3 Mode m=2 Pressure Coefficients for 15 Actuators in ANCF: Outer Diameter

48-inches, Inner Diameter 18-inches, Frequency 1250 Hz

Radial Order Outer Wall Drive Inner Wall Drive
n Real Imaginary Real Imaginary

Pressure Pressure Pressure Pressure

0 5.21512 0 1.70067 0
1 -6.805244 0 6.521056 0
2 11.64984 0 11.10549 0
3 0 -18.18206 0 17.03019
4 0 8.534701 0 7.930752

Using the above complex coupling factors mj for inner and outer wall actuators discussed
above, the following idealized actuator to microphone transfer function was obtained:

r. r.
ey + Y (max 29 *exp(k. (z . —z 2
R ) an m ( mn R )] p( mn ( nmic act )) ( )

Hacr.mic = znmn.ucl * [‘]m (n.amn
n

Consequently, the drive vectors required to cancel the fan signal at all microphone annuli is:

DUO HUO.! HUI,I HDOAI HDI.I PFan‘l
DUI - HU0.2 HUI,?_ HD02 HDI"’ % PFan.Z (3)
DDO HU0.3 HUI‘3 HDO,’# HDI.. PFan 3

- DDI HU0.4 HUI.4 HD0,4 HDI,4 PFun,4

Solving for the drive vector and then computing the sound field in the duct results in contour of
the type shown in Figure 12 and Figure 13.
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Idealized Simulation of Exhaust Duct Active Noise Control with Actuator
Rows at +4.25 In., Error Microphone Rows at 23 and 30 In. - 2300 CRPM

26



Control Off

Radia Distarce from Center - ncnes

5 -10 5 ] S 10 s 20 25 30 35
Axial Distance fram Source - Inches

Radnat Distance rom Center - Incnes.

) 15 20 ™ R
Amal Distance from Source 'nchas

Figure 13 Idealized Simulation of Exhaust Duct Active Noise Control with Actuator
Rows at +4.25 In., Error Microphone Rows at 10 and 17 In. - 2300 CRPM

The two contour plots illustrate the importance of adequately separating the actuators and
error sensors. In Figure 13 the error microphones respond to a combination of the three cut-on
modes plus residual cutoff radiation from the downstream actuators. The controller acts to

— minimize this mixture at the error sensors and as a result, gives the wrong drive for the cut-on
modes.
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5 Inlet ANC System Design

This section discusses the design study performed to determine the most appropriate layout
of the sensors and actuators for the ANC system to be deployed at NASA Lewis on the 4 foot fan
rig. It was decided in mid-year 1997 to develop a system to target the m=2 mode in the inlet in a
frequency range nominally centered on 1300 Hz based on the tone at 2BPF. At this frequency, it
can be shown that a total of four radial modes propagate down an ideal, hard-walled duct with a
diameter of 4 foot. Therefore, the minimum design for modal-based control must be able to
sense and generate four radial modes with arbitrary amplitude and phasing.

In this section, some general design parameters were held constant while usually a single
parameter was varied. The nominal constant parameters used (unless otherwise specified) are
listed in Table 4.

Table 4 Nominal design study parameters
Frequency 1300 Hz
Sensor Section Length 2’
Actuator Section Length 2’
Transition Section Length 1’
Modal Distribution Equal Energy in the
modes
Noise Level (standard 1 dB amplitude,
deviation) 5°phase
Actuators/ring 16
Number of sensors per ring 12
Number of sensor rings 4

In addition it was assumed that no reflections are generated at the duct exit. The design study
was performed using both the CANCSIM (version 2.1A) program developed as a part of the
active noise control project as well as a set of Matlab routines which had functionality equivalent
to modules of the CANCSIM program.

5.1 Inlet Sensor System Study

The first part of the system to be studied was the sensor system. The primary measure of
the effectiveness of the sensor system is how accurately the individual modal amplitudes can be
measured based on the noise level of the in-duct pressure field and the geometrical layout of the
sensors. The results presented herein are expressed in terms of the error (in dB) of the measured
modal amplitudes for each of the four modes as a function of the parameter under study. The
sensors were assumed to be mounted in circular rings of even circumferential and axial spacing
at the duct wall. From the modal distribution, it is known that a minimum of four sensor rings
will be required to be able to separate the modes mathematically.

First, the number of sensors placed circumferentially within each ring was studied. Since
there are only 4 modes, a minimum set of 4 sensors at any set of axial locations can detect the

28



modes, but in practice, this is usually not achievable. To study the effect of the number of
sensors per ring, a simulated duct pressure was “measured” at the duct wall four rings of sensors
consisting of 2 to 16 sensors per ring incremented by 2 sensors each time. The standard
deviation of the error in the “measured” pressure in each mode was calculated base on the results
of 100 error distributions of the nominal error values in Table 4. The results are shown in Figure

14.

Figure 14.  Standard deviation, by mode of the measured pressure for four axial rings
with a varying number of sensors per ring

Significant gains in the estimated data are achieved from 4 sensors after which a flat
region predominates until the tenth sensor is added. Beyond the tenth sensor, the gain achieved
by increasing the number of sensors is very small. The use of ten sensors also has an advantage
with the combined system, since it is not evenly divisible into the number of actuator used per
row, so that aliased modes produced by the actuators are not coincident with aliased modes
detected by the sensors. For these reasons, 10 sensors/ring was chosen for the design.

The next study involved the number of rings used. The primary focus here was to

determine if additional rings, beyond the four required, could provide additional accuracy in the
estimation of the modal amplitudes. The study was conducted in the manner described
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previously with the nominal system values used except for the number of rings, which was
varied from 4 to 7. The results of the modal amplitude estimation errors are shown in Figure 15.

Figure 15. Standard deviation, by mode of the measured pressure with a varying
number of axial rings

From Figure 15, it is evident that little or no gain is achieved by increasing the number of
rings. Therefore, it was decided that unless significant reflections are measured in the testing
phase, 4 rings will be sufficient for the sensor system. The only benefit of additional rings will
be the possible detection of independent reflections from the duct end, which are not considered
in this study.

The final parameter studied in the sensor section was the axial spacing between the
e sensor rings. The sensor ring spacing was varied from 0.3’ to 0.8’ in 0.1 ft increments. The
study was again conducted with 100 error distributions at the nominal error values placed on the
data with the standard deviation of the estimated modal amplitudes plotted in Figure 16 against
— sensor ring spacing.
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Figure 16.  Standard deviation, by mode of the measured pressure with a varying axial
ring spacing

From Figure 16, it is observed that sensor ring spacing has a very large effect on the
performance of the sensor system. Significant gains in accuracy are achieved up until about
0.65, at which point the gain increases, but at a much slower rate. This indicates, as might be
expected, that since it is the difference in modal wavelengths that distinguishes the modes, that
the axial length of the sensor system will be the most important parameter in the design of the
sensor system. Based on the results of this study, and the practical limitation of the duct, a
sensor spacing of nominally 0.65 ft was used. This corresponded to a sensor section of 2.05 ft. A
slightly uneven spacing was also used, since the Bessel functions do not have even periods,
which also slightly improved the results.

The results of this section are then:

1.) Actuator section length has a big effect on the sensor system performance. A design length
of 2.05 ft has been specified.

2.) Only one ring of sensors per mode is required to obtain required system performance and no
benefit is gained from adding more rings unless significant reflections exist.

3.) A ring of ten sensors will provide good performance for the sound field under study.
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5.2 Inlet Actuator System Study

The design of the actuator systemn will determine both the useable frequency range for the
ANC system as well as the ability to generate cancellation on a mode-by-mode basis. The first
study will determine the number of actuators used per ring in order to attain a design at the
frequency range specified by NASA Lewis. The second study will evaluate the performance of
the actuators in generating energy at each mode. Since the actuator size is large relative to the
section length allotted to the actuators, it is not practical to assess parameters such as actuator
spacing since they will have to be packed as close as possible in order to fit the four rings
required.

For the purpose of determining the number of actuators required per ring, it must be
observed that for a ring of N actuators, the generation of the m=2 mode will also generate energy
in the m=-(N-2) mode due to spatial aliasing. Thus the cut-on frequency of the m=(N-2) mode
(which is identical to the cut-on frequency for the m=-(N-2) mode) must be above the frequency
range of the system, since the modes cannot be generated independently for cancellation. This
way, no aliased modes will propagate in the duct. Non-propagating modes can be effectively
ignored provided a transition section of about 1 ft length is placed between the sensor and
actuator system. Those modes will decay more than 20 dB over this transition section. The cut-
on frequencies for the modes in a 4 foot diameter duct as a function of m-order are plotted in
Figure 17.

Figure 17.  Cut-on frequencies in a hard-walled duct of 4 foot diameter as a function of
m-order
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From Figure 17, it is clear that in order to obtain a frequency range centered on 1300 Hz,
aliasing must be into at least m=-14, so that a minimum of 16 actuators are needed to avoid
generation of propagating modes at aliased m-orders. This will give a nominal frequency range
of 1200 Hz to 1400 Hz with 4 propagating modes at m=2 and no aliased modes for 16
actuators/ring. The lower bound of the frequency range is defined by the cut-on frequency of the
fourth mode at m=2. Based on the results of this study, 16 actuators were used in each ring.

The effectiveness of the actuator system is defined as its ability to generate a single radial
mode without spillover into the other radial modes. This govemns its ability to actively cancel a
single mode. The effectiveness against an arbitrarily weighted sum of the modes is simply the
sum of its ability to cancel each individual mode with the proper weight. In principle, the system
can generate each mode independently in the presence of no errors. However, errors in the
weights will cause spillover of energy into the other radial modes at the same m-order.

In order to assess the effects of spillover due to noise, it was first determined what the
correct modal distribution produced by a single ring of actuators is assuming a uniform axial
velocity distribution of correct m-order over the ring surface. Then, the correct weights on the
set of four rings to generate each of the modes individually with an amplitude of 1.0 (94 dB) was
calculated exactly based on an actuator ring spacing of 6 inches axially and a system of four
rings. Noise at the nominal values was added to the “exact” weighting factors and passed
through the same actuator system. The resulting spillover into the neighboring modes was
calculated.

Those results are summarized in Figure 18. The phasing for individual modes are
indicated by different color bars while the resulting spiliover due to the correct phasing plus error
is indicated by bars of the same color at the appropriate mode number of the x-axis.
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Figure 18 Modal spillover based on random errors in the correct modal weighting for
individual mode generation

Based on Figure 18, it appears that the actuators will handle Mode 1 best, but significant
spillover will result in the generation of the other modes. In particular spillover dominates in
Modes 2 and 3 and both require a lot of power (indicated by the high amount of spillover to
achieve the same modal amplitude at the desired mode) to get the same modal amplitude. Mode
4 is generated relatively cheaply, but still has significant spillover into Mode 1. Results were
improved as the errors decreased, however significant spillover problems were still observed i
Modes 2 and 3.

The results of this study indicate the following.

1.) At least 16 actuators are required per ring to avoid the generation of propagating modes at
aliased m-orders.

2.) A nominal frequency range of 1200 Hz - 1400 Hz can be obtained with 4 rings of 16
actuators based on the assumption of 4 radial modes at m=2.

3.) The system may experience difficulty in canceling energy in the second and third radial
modes due to spillover.

4.) The actuator needs to have significant energy capacity over that of the source in order to
generate some of the modes.
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5.3 Overall System Performance and Passive Treatment Effects

The optimal design formulated in the previous two sections was tested using the
CANCSIM program developed by GEAE in order to assess the total system performance. The
system performance was determined as the total sound power reduction (NR) in the duct at a
series of frequencies from 1200 Hz to 1400 Hz. An error distribution of standard deviation 1 dB
in magnitude and 5° in phase was placed on the sensors. The results are plotted in Figure 19.
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Figure 19.  System performance as a function of frequency for the optimal system with
nominal errors on the sensors

The simulation predicts a nominal sound power reduction near 7 dB at 1300 Hz. The
system performance increases with frequency. This is due to the shortening of the acoustic
wavelength of each mode in the axial direction, which in effect “increases” the sensor section
length relative to the sound field, thereby improving system performance as in Figure 16.

It was found that system performance could be significantly increased by adding an
passive liner in the 1 ft transition section between the sensors and actuators. This liner/transition
section length and impedance was also optimized for system performance. Since liners are
generally designed for passive tonal cancellation in the presence of no ANC system, the results
of an optimally passive liner were also studied. The optimized impedance for the liner based on
a passive only system and combined passive-active system are shown in Figure 20(a) and the
overall system performance based on passive only system and the combined system is shown in

35



Figure 20(b). The notation for Figure 20(b) refers.to the (impedance used)-(system used), so that
the optimal passive liner in the combined system is denoted as passive-comb.

G % A 3
2 % X 2}
® o Real-passive
c gt + Imag-passive
S ¥ « N y x Real-comb
é ¥ i ¥* Imag comb

1200 1250 1300 7350 1400

Frequency (Hz) (a)

@20

g 1 "

S X * | |© Passive-Passive
210 + Passive-comb
o) X Combined-Passive
o ¢ " * Combined-comb
® ¢ &

w

I=

=z

O N
1200 1250 1300 1350 1400
Frequency (Hz) (b)

Figure 20. (a) Optimal liner impedance and (b) system performance for a passive only
or a combined passive-active system in the duct

Based on Figure 20, two important observations can be made. First, the optimal liner for
a passive-only application delivers performance comparable to the liner optimized for a
combined system. This indicates that liners already designed for passive treatment can be
incorporated directly into the active system with little or no performance loss. Second, it can be
shown that the performance of the combined system is slightly better than the simple sum of the
active system only and the passive system only. In this about 2 dB of additional benefit of
performance is gained by using a combined system over the summed result of active and passive
systems acting independently.

Even greater gains were observed in a similar study for m=4 with 3 active modes (about 5
dB performance enhancement). This occurs because of the scattering effect at the treatment
interfaces. The combination of the two systems allows the creation of a new sound field at the
duct interface which is optimized to scatter energy into higher order modes. This increases the
liner performance, since higher order modes are more easily attenuated by the liner. This was
clearly observed by looking at intermediate results in the CANCSIM program which showed
significant changes in the scattered energy distribution with the presence of the active system. A
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thorough study of this effect is beyond the scope of this program, but may be an area for future
research.

The results of this section are summarized as follows:

1) The active system will give a reduction in the in-duct sound power of about 7 dB.

2.) Significant improvements can be used by adding an optimally designed passive liner to the
transition section between the actuators and sensors.

3.) The liner can be designed for a passive only application, i.e., a standard nacelle liner can be
used without modification

4) The combined effect of the active-passive system is greater than the sum of the individual
systems acting independently. This is due to an enhancement of the scattering effect at the
treatment interface.

5.4 Final Inlet ANC System Design

Based on the above system study and practical limitations of the NASA ANC test rig, the
inlet system was designed and fabricated. Figure 21 show the final system design. The ANC
system includes four rings of actuators and five rings of sensors. Each actuator ring has 16
actuators and each sensor ring has 10 microphone sensors. The last two sensor rings have been
installed in the inlet bellmouth because of practical limitations of duct length and sensor axial
distance required sensing the modes. The last actuator ring and first sensor ring distance were
designed to be one foot apart. However, because of the practical limitation of the duct length,
only 9.7 inches of space was available and this was implemented into the design and will result
in above 15 dB reduction of cut-off mode components.
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— 6 Inlet ANC System Test
6.1 Speaker Characteristics Test

Speakers were chosen as the actuators used for active noise cancellation in the system
designed by GE CRD. Due to the nature of the engine duct environment, the stability of the
speaker characteristics under the harsh environment is very important for active noise
cancellation. Tests were designed to measure the dependency of speaker characteristics to the
ambient temperature, the running time, and the ambient pressure.

6.1.1 Temperature and running time dependency of the speakers
- The first test was designed to check the stability of speakers under different running time

and temperature. The test setup is shown in Figure 22. In this test, the transfer function (TF)
was defined as the acceleration at the center of the speaker over the voltage to the speaker.

Temperature Maintenance Enclosure

» Accelerometer M
— Y
Hp BN, L

- Anal
natyzer j 100mv/untt
A

- Speaker

Figure 22.  Speaker test setup

In Figure 23 and Figure 24, we have shown the dependency of the transfer function (TF)
amplitude and phase with the running time. The TFs at 0.0s, 10.0s, 20.0s, 30.0s, and 40.0s were
- recorded. No significant variation was identified.

In Figure 25 and Figure 26, the dependency of the TF amplitude and phase with the

ambient temperature is shown. The TFs at 0.0°F, 42.0°F, 59.0°F, and 86.0°F were recorded.
Only negligible changes were identified.

39
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Speaker #2 TF amplitude(dB) temperature dependency
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Figure 25 Environment temperature dependency of the TF amplitude

Speaker #2 TF phase temperature dependency
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Figure 26 Environment temperature dependency of the TF phase

6.1.2 Ambient pressure dependency of the speakers

In the engine duct, the actuator may experience up to 1.0 inch water pressure difference
from the outside of the duct. To protect the speaker diaphragm from excessive displacement, the
speaker back was sealed. A laser displacement sensor and an airflow rig were used to measure
the speaker diaphragm displacement. The laboratory setup is shown in Figure 27.
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Figure 27 Speaker diaphragm displacement measurement

The sensitivity of the laser sensor was calibrated first. The calibration data are shown in Table 5
and the curve fitting is shown in Figure 28.

Table 5 Sensor calibration data
Gap (mils) Output (mv)
5 78
52 162
105 302
158 436
206 517
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Figure 28 Sensor calibration

From the calibration data, it was identified that the linear region is from about 50mils to
160mils. In this region, the sensitivity is about 0.387 mil/mv. Thus, the initial gap was set at
152 mils.

Speaker static displacement under zero pressure and one inch water pressure levels were
measured. The speaker diaphragm is not a pure linear spring material, pressure increasing and
pressure decreasing measurements were conducted for comparison. The data are listed in Table
6. The averaged displacement at one inch water pressure is about 27.66 mil.

Table 6 Static measurement data
p pressure increasing pressure decreasing
(inch sensor output | Displacemen sensor output Displacement
water) (mv) t (mil) (mv) (mil)
0 407 0.0 383 0.0
1 335 -27.8540 312 -27.4672

The back seal can protect the excessive displacement of the speaker diaphragm under
static pressure. The effect of the back sealing on the speaker dynamic characteristics was
examined by another experiment. The test setup diagram is shown in Figure 29.
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Figure 29 Test setup for speaker dynamic characteristics with back sealing

Similar to the previous tests, the transfer function is defined as the relation between the
microphone inside the test cabin and the voltage to the speaker. To examine the effect of the
pressure release of the speaker back sealing, the dynamic characteristics of the speaker with
different hole sizes on the speaker diaphragm were also tested. Three speakers, numbered B9,
B1 and B3, with zero and one inch water pressure were tested. The B1 and B3 speakers were
considered as well sealed while the B9 was not well sealed.

The input signal to the speaker was random noise with an amplitude of 3.0V rms. The
test microphone sensitivity was unknown and set at 20uV/Pa. The input sensitivity was set at
1V/Pa. Thus the TF measured is relative. Discrete measurements are recorded in Table 7. The
difference in the TF amplitude and phase due to the one inch water pressure are shown in Figures
30 and 31 for the B9 speaker, in Figures 32 and 33 for the B1 speaker, and in Figures 34 and 35
for the B3 speaker.

As can be seen from Figure 30 through Figure 35, the pressure releasing hole can reduce

the difference due to the static pressure for speakers which have a poorly sealed backing. For
speakers with a well sealed back, the effect of the pressure releasing hole is negligible.

44



Table 7 Transfer function under the static pressure
Hole | Speaker| P 1200 Hz 1250Hz 1300Hz 1350Hz 1400Hz
(in) # (in.W.) dB _deg dB deg dB deg dB deg dB deg
B9 0 492 | 93 | 475 | 269 | 458 | 396 | 441 | -541 | 428 | -684
[ 478 | 52 | 465 | 172 | 444 | 376 | 422 | 541 | 403 | -676
0.00 Bl 0 497 | -119 | 477 | 298 | 459 | 429 | 441 | -557 | 426 | -674
[ a1 | 75 | 476 | 236 | 459 | 386 | 442 | -524 | 427 | -644
B3 0 495 | 117 | 474 | 286 | 458 | 396 | 444 | -528 | 432 | -665
1 290 | 78 | 472 | 240 | 456 | 365 | a41 | 493 | 430 | -630
B9 0 491 | 73 | 474 | 246 | 458 | 376 | 443 | -527 | 429 | -665
[ 476 | 70 | 464 | 163 | 453 | -367 | 421 | -528 | 403 | -677
0.07 Bl 0 499 | 119 | 477 | 300 | 458 | 432 | 439 | 556 | 426 | -674
[ 492 | 70 | 476 | 237 | 458 | 391 | 442 | -525 | 426 | -638
B3 0 495 | 114 | 475 | 276 | 459 | 400 | 443 | -535 | 431 | -665
1 389 | 60 | 473 | 224 | 453 | 391 | 443 | 491 | 431 | -620
B9 0 492 | 75 | 475 | 248 | 459 | 382 | 442 | 533 | 428 | -669
I 4738 56 | 465 | -179 | 443 | 379 | 420 | -535 | 403 | 673
0.10 BI 0 299 | 127 | 477 | 300 | 457 | 418 | 240 | 550 | 425 | -670
I 294 | 64 | 476 | 245 | 456 | 383 | 440 | 513 | 426 | -630
B3 0 295 | -102 | 475 | 267 | 459 | -390 | 442 | -524 | 430 | -646
1 490 | 64 | 473 | 216 | 457 | 349 | 443 | 484 | 431 | -608
B9 0 492 | 67 | 475 | 233 | 459 | 374 | 442 | 518 | 427 | -649
1 48.1 30 | 465 | -199 | 443 | 378 | 422 | 517 | 405 | -647
0.143 BI 0 499 | 113 | 476 | 287 | 458 | 408 | 440 | -546 | 425 | -654
1 49.4 -5.1 47.5 -23.2 45.7 -37.1 44.0 -S1.1 42.5 -61.6
B3 0 494 | 92 | 475 | 260 | 457 | 375 | 443 | -s11 | 430 | -645
1 490 | 36 | 473 | -208 | 457 | 337 | a44 | -469 | 432 | -609
B9 0 492 | 50 | 475 | 227 | 458 | -358 | 443 | -509 | 426 | -646
1 485 | 03 | 467 | 203 | 447 | 354 | 430 | 491 [ 415 | -629
0.200 BI 0 499 | 103 | 477 | 283 | 456 | 403 | 439 | -530 | 425 | -645
1 495 | 49 | 475 | 232 | 456 | 371 | 439 | -s01 | 425 | -616
B3 0 495 | 87 | 474 | 251 | 456 | -368 | 441 | -501 | 430 | -629
1 290 | 29 | 473 | 200 | 457 | 329 | 444 | 468 | 431 | -610
B9 0 492 | 26 | 476 | 203 | 458 | -346 | 443 | -506 | 428 | -629
1 485 07 | 470 | -170 | 453 | -324 | 438 | 471 | 422 | -594
0.279 Bl 0 499 | 87 | 474 | 268 | 457 | -390 | 440 | 522 | 426 | -642
1 295 | 35 | 416 | 222 | 456 | 361 | a4l | 492 | 425 | -606
B3 0 293 | 66 | 475 | 235 | 457 | 361 | 442 | 498 | 428 | -62.
1 290 | 11 | 474 | -188 | 457 | 323 | 242 | 462 | 429 | -592
B9 0 49.1 4.1 478 | 144 | 462 | 309 | 445 | 465 | 431 | 607
1 486 | 79 | 474 | -103 | 458 | 276 | 443 | -436 | 428 | -571
0279 BI 0 5001 | 24 | 481 | 210 | 461 | 355 | 443 | 508 | 427 | -628
x2 1 4938 30 | 480 | -164 | 461 | -325 | 443 | 469 | 426 | -595
B3 0 495 | 05 | 478 | -176 | 460 | 326 | a44 | -468 | 430 | -597
I 492 56 | 477 | 130 | 459 | -29.1 | 445 | 430 | 430 | -569
BY 0 488 | 106 | 479 | -83 | 463 | 255 | 449 | -428 | 433 | -583
I 484 | 146 | 475 | 46 | 460 | 225 | 447 | -39.1 | 432 | -549
0279 Bl 0 49.7 52 | 481 | -140 | 463 | -304 | 446 | 456 | 431 | -590
x3 1 494 | 08 | 480 | -100 | 463 | 277 | 446 | 426 | 430 | -560
B3 0 49.2 85 | 480 | -102 | 464 | 273 | 446 | -429 | 431 | -573
I 489 | 130 | 478 | 62 | 463 | 246 | 447 | 405 | 431 | -546
B9 0 486 | 190 | 480 | 03 | 467 | -195 | 451 | -392 | 435 | -549
I 481 | 228 | 476 | 40 | 465 | 164 | 450 | -355 | 434 [ -518
0279 B! 0 498 | 125 | 485 | 79 | 467 | 262 | 449 | -427 | 432 | -565
x4 1 494 | 166 | 483 | -27 | 468 | 214 | 451 | -393 | 431 | -544
B3 0 490 | 150 | 480 | -36 | 466 | 215 | 450 | -399 | 433 | -553
L 287 | 194 | 479 | 01 265 | 193 | 450 | 370 | 433 | 513
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Figure 30

Figure 31
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Figure 32

Figure 33
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Figure 34

Figure 35

Based on the speaker test information, it is concluded that the characteristics of the
selected speakers are stable with the ambient temperature, running time, and ambient pressure.
Speakers with back sealing and without pressure releasing holes were determined to be used as
actuators for the active noise cancellation system. To further reduce the speaker mechanical
variation and back sealing difference in an actuator ring, a speaker sorting was conducted and is
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presented in the next section.
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6.2 Speaker Sorting

(see Table 8). Each group had 16 speakers.

compensated by fine tuning of the speaker amplifier.

To reduce the calibration requirements in real control applications, the speakers on the
same actuator ring need to be as similar as possible.
measuring the speaker amplitude and phase at five discrete frequencies. Seventy-five speakers
were tested. Then the speakers were grouped into 4 groups according to the phase characteristics
The amplitude difference within a group was

We conduct the speaker sorting by

Table 8 Phase-Based Sorting

group #1

Mark 1200A 1200p 1250A 1250P 1300A 1300P 1350A 1350P 1400A 1400P
B-34 98.60 -32.8 97.30 -54.2 95.90 -70.7 94.70 -83.8 93.90 -96.7
B-55 99.20 -30.2 97.80 -53.9 96.20 -70.9 95.00 -85.0 94.20 -97.6
B-73 98.60 -33.6 97.10 -54.0 95.60 -69.4 94.70 -82.4 94.00 -95.9
B-65 98.80 -32.0 97.40 -53.6 95.90 -69.7 94.70 -83.0 94.00 -95.8
B-50 98.90 -29.2 97.90 -52.0 96.50 -70.3 95.20 -84.8 94.30 -97.8
B-44 99.00 -28.7 97.90 -52.0 96.50 -70.3 95.20 -84.8 94.30 -97.8
B-63 97.90 -32.5 96.70 -52.6 95.50 -68.6 94.50 -82.8 93.70 -96.2
B-71 98.40 -28.4 97.50 -50.6 96.20 -68.7 95.00 -84.6 94.00 -98.6
B-61 98.20 -29.1 97.30 -50.8 96.30 -69.1 95.00 -82.9 94.20 -98.6
B-37 98.70 -30.6 97.60 -51.6 96.20 -69.2 95.00 -82.8 94.30 -96.2
B-21 99.20 -29.4 98.10 -52.7 96.30 -69.8 95.10 -82.5 94.50 -95.3
B-45 98.90 -28.1 97.80 -50.9 96.30 -69.2 95.10 -83.9 94.40 -96.9
B-15 97.40 -30.7 96.50 -51.0 95.20 -67.9 94.20 -82.9 93.40 -96.2
B-59 97.80 -29.5 96.70 -50.8 95.50 -67.8 94.50 -82.9 93.60 -96.9
B-60 98.10 -29.6 97.10 -50.5 96.00 -68.2 94.80 -82.9 94.00 -96.6
B-57 98.10 -31.4 97.00 -50.8 95.90 -67.1 94.90 -81.9 54.20 -96.3
Ave. 98.48 -30.3 97.35 -52.0 96.00 -69.1 94.85 -83.3 94.06 -96.8
Min. 97.40 -33.6 96.50 -54.2 95.20 -70.9 94.20 -85.0 93.40 -98.6
Max. 99.20 -28.1 98.10 -50.5 96.50 -67.1 95.20 -81.9 94.50 -95.3
group #2

Mark 1200a 1200P 1250A 1250p 1300A 1300P 1350A 1350P 1400A 1400P
B-29 97.90 -31.7 96.90 -49.8 95.90 -66.6 94.90 -80.6 94.30 -94.7
B-33 98.40 -29.4 97.30 -49.4 96.20 -66.9 95.10 -81.5 94.40 -95.8
B-11 99.10 -26.3 98.10 -49.7 96.90 -67.1 95.80 -82.6 94.90 -97.2
B-52 98.10 -30.9 96.90 -50.7 95.70 -66.3 94.80 -80.5 94.10 -94.4
B-68 98.20 -~28.7 97.30 -49.4 96.20 -66.6 95.20 -81.6 94.40 -96.2
B-51 98.30 -27.9 97.40 -49.4 96.20 -66.8 95.30 -81.7 94.50 -95.9
B-18 98.40 -28.7 97.20 -50.2 96.00 -66.6 95.00 -80.8 94.30 -94.6
B-49 97.50 -31.6 96.40 -49.7 95.60 -65.3 94.70 -80.0 94.10 -94.0
B-14 98.80 -27.5 97.70 -49.5 96.40 -66.6 95.30 -81.7 94.60 -95.1
B-05 98.40 -28.3 97.40 -47.6 96.50 -65.2 95.70 -8l1.6 94.70 -97.1
B-25 97.80 -29.9 96.80 -49.0 95.80 -65.5 94.80 -80.4 94.10 -94.1
B-62 98.40 -26.8 97.50 -48.6 96.40 -66.0 95.40 -81.3 94.70 -96.0
B-53 98.20 -31.2 96.90 -50.9 95.60 -65.0 94.90 -78.6 94.20 -93.0
B-58 98.40 -24.2 97.60 -47.1 96.40 -67.0 95.10 -83.2 94.10 -96.6
B-19 98.40 -26.7 97.50 -48.3 96.30 -66.0 95.30 -81.2 94.50 -95.3
B-12 98.90 -26.5 97.70 -49.6 96.30 -66.6 95.10 -80.2 94.40 -93.8
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Ave. 98.32
Min. 97.50
Max. 99.10
group #3

Mark 1200A
B-41 98.10
B-35 99.00
B-28 97.90
B-10 98.00
B-64 97.80
B-54 97.90
B-75 98.00
B-20 98.20
B-40 98.10
B-39 98.40
B-01 97.80
B-47 98.10
B-07 98.20
B-32 97.70
B-27 98.30
B-56 97.90
Ave. 98.08
Min. 97.70
Max. 99.00
group #4

Mark 1200a
B-67 98.40
B-13 97.80
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B-30 97.30
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The amplitude fine-tuning was carried out based on a test setup shown in Figure 36. A
sine signal at 1300Hz was generated by a signal generator. The signal was amplified and then
fed into a speaker of a ring actuator. The microphone boom tip was pointed to the center of the
speaker. The amplifier gain was tuned such that the output level at the microphone was a



I.(

|\

constant. After the tuning, the TF between the boom tip microphone and the signal to the
speaker was recorded.

As shown in Figure 37 and Figure 38, after the tuning, all speakers of the five ring actuators are
expected to have the same amplitude under the same input. The phase difference among the
speakers inside a ring should be within +4°. Note that the averaged phase angle of each actuator
ring is different. This difference needs to be compensated by calibration.

Engine Duct

Microphone Boom

Signal Generator i Amplifier
1300 Hz Sinc

HP Analyzcr

Figure 36 Speaker fine-tuning test setup
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180

160

140

120

Phase

80

60

ol ---
[ N
al---
obk---
o
-
(=]
-
~N
-
'S
-
[+

Speaker #
Figure38 Actuator ring speaker phase variations

6.3 Mode Generation

Though the individual speaker characteristics of a ring actuator were sorted to be similar,
the most important thing is to make sure that the actuator ring can generate desired acoustic
modes at the sensor location in the duct. Thus the noise components generated by noise source
can be eliminated or reduced. To demonstrate this, a rotating boom with 15 microphones was
placed in the duct to measure the sound pressure distribution over a duct cross-section (see
Figure 39). The signal was then decomposed in the circumferential direction to examine the
modal components.
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Figure 39 Mode generation measurement setup

In the tests, the control signal was set to generate a 1300 Hz signal with circumferential

- mode M=-2. In Figure 40, the real and imaginary parts of the SPL at the tip mic are shown.
Figure 41 is the real part of the SPL at different radial positions. In Figure 42, the FFT in the
circumferential direction is shown. It is seen that M=-2 mode stands out from the other modes

-~ by more that 16 dB.

- Profile at E-ring Sensor, A-Ring Spk

~ Figure 40 Real and imaginary parts of the SPL at the tip mic, A-ring
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Profile at E-ring Sensor, A-Ring Spk

Figure 41 SPL real part for different radial positions, A-ring

Propagation Modes at E-ring Sensor, A-Ring Spk
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Figure 42 Circumferential modal decomposition, A-ring

Similar results were obtained from the B-ring, C-ring, and D-ring actuators. The FFT
analysis results are shown in Figure 43 through Figure 45.
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Propagation Modes at E-ring Sensor, B-Ring Spk
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Figure 43 Circumferential modal decomposition, B-ring

Propagation Modes at E-ring Sensor, B-Ring Spk
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Figure 44 Circumferential modal decomposition, C-ring
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Propagation Modes at E-ring Sensor, D-Ring Spk
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Figure 45 Circumferential modal decomposition, D-ring

Inside an engine duct, there can exist multiple radial modes at the same circumferential
mode order. Each ring needs to be capable of generating all of the propagating modes with a
measurable strength. The following tests demonstrate the capability of the ring actuators to
generate multiple radial modes at the same circumferential mode order.

In the tests, an actuator ring was fed with controlled signal that generates the M=2 modes.
Five axial positions were measured. At each axial position, a plane of grid points with 15 radial
positions and 32 circumferential positions was recorded. The data were used to conduct modal
decomposition by using the spatial FFT in circumferential direction and the spatial Bessel
function decomposition in the radial direction.

In Figures 46 and 47, the modal decomposition results of the incident and reflection
components for a 1200 Hz actuation are shown. As can be seen from figures, the M=-2 modes
are dominant components. Several radial modes were excited. By examining the energy of the
modes, it is seen in Figure 48 that in the first four radial modes, the energy in the M=-2 mode is
at least 10 dB higher than the total energy in the rest of the circumferential modes. We have also
examined the case when the actuator was excited at 1300 Hz. A similar pattern was found and is
shown in Figures 49 through 51.
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Propagation Component, 1200Hz, Actuator Excitation

Figure 46 Modal decomposition, 1200Hz, Incident components

Reflection Component, 1200Hz, Actuator Excitaton

Figure 47 Modal decomposition, 1200Hz, reflection components
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Figure 48 Modal energy distribution, 1200Hz

Propagation Component, 1300Hz, Actuator Excitation

Figure 49 Modal decomposition, 1300Hz, Incident components
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Reflection Component, 1300Hz, Actuator Excitation

Figure 50 Modal decomposition, 1300Hz, Reflection components
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Figure 51 Modal energy distribution, 1300Hz

6.4 Wall Microphone Sensor Performance
In this test, the sensors were the microphones mounted on the duct wall. Tests conducted

below were designed to verify the performance of the wall mounted microphones to pick up the
control and/or source modes.
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In the tests, the excitation was given by an actuator ring and the signals were picked up by
five wall mounted microphone sensor rings, i.e., A-ring, B-ring, C-ring, D-ring, and E-ring (see
Figure 39). The recorded data was used to perform the circumferential modal decomposition by
FFT analysis.

In Figure 52, the real and imaginary parts of the SPL detected by A-ring sensor are shown.
The corresponding FFT decomposition is shown in Figure 53. The modal decompositions for
the B-ring through the E-ring sensors are shown in Figure 54 through Figure 57, respectively.
As expected, the sensor modal decomposition is noisier than the actuator decomposition, because
there are only 8 microphones in each sensor ring. Higher order modes have been folded into
lower mode during the FFT analysis. Nevertheless, as seen in Figure 55 through Figure 57, more
than 10 dB outstanding SPL levels are accomplished for sensor rings C-E.  The outstanding
values at A and B rings are less than 10 dB. This could be the additional noise from evanescent
waves because these two sensor rings are to close to the actuators. When using the source
excitation, which added 17 inches from A-ring sensor to the noise source, the outstanding levels
were improved as shown in Figure 58 and Figure 59.

Profile at location 1, m=2, 1300Hz, Actuator Excitation

Figure 52 A-ring sensor SPL, real and imaginary parts
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Propagation Modes at location 1, m=2, 1300Hz, Actuator Excitation
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Figure 53 A-ring sensor SPL, Circumferential modal decomposition

Propagation Modes at location 2, m=2, 1300Hz, Actuator Excitation
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Figure 54 B-ring sensor SPL, Circumferential modal decomposition
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Propagation Modes at location 3, m=2, 1300Hz, Actuator Excitation
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Figure 55 C-ring sensor SPL, Circumferential modal decomposition

Propagation Modes at location 4, m=2, 1300Hz, Actuator Excitation
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Figure 56 D-ring sensor SPL, Circumferential modal decomposition
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Propagation Modes at location 5, m=2, 1300Hz, Actuator Excitation
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Figure 57 E-ring sensor SPL, Circumferential modal decomposition

Propagation Modes at location 1, m=2, 1300Hz, Source Excitation
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Figure 58 A-ring sensor SPL, Circumferential modal decomposition, Source excitation
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Propagation Modes at location 2, m=2, 1300Hz, Source Excitation
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Figure 59 B-ring sensor SPL, Circumferential modal decomposition, Source excitation

6.5 Conclusions
From the inlet ANC system actuator and sensor tests, it can be concluded that:

1. The actuators selected have stable characteristics versus the ambijent temperature change and
running time;

2. Using back sealing, the speakers have stable characteristics under the ambient pressure. A
pressure releasing hole on the speaker diaphragm has negligible affect on the speaker
performance at 1 inch water pressure;

3. Sorted speakers have been used so that the speaker characteristics in an actuator ring are very
similar. As a result, the mode generation of the actuator rings has more that 16 dB SNR;

4. Wall mounted microphone sensor rings detect the signal with about 10 dB modal SNR.
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7 Inlet ANC Control System
7.1 Description of the BYU Controller

Based on the preliminary analysis of the control problem and discussion with the various
team members, a control system was designed and developed to be able to minimize the modal
response in potentially both the inlet and exhaust of the fan duct. This section describes each
component of that control system and what its function is.

7.1.1 Controller Architecture

The overall operation of the control system can be shown in block diagram form, as in
Figure 60. The signal, d(t), represents the uncontrolled signal that exists in the time domain at
each of the sensors in the various sensor rings. The control system is based on synchronous
sampling, such that each of the microphones is sampled at a frequency of four times the
frequency of the signal to be controlled. In this case, the tonal at 2 BPF (blade passage
frequency) for the M = 2 circumferential mode was chosen. Thus, the signals are sampled at a
frequency of 8 BPF. This synchronous sampling was achieved by using a tach signal from the
rotating shaft, which serves as an external trigger to the digital signal processing (DSP) board.

To perform the desired modal control, it is imperative that the error microphones be
compensated to have a matched response, so that the circumferential modal decomposition
produces meaningful modal amplitudes. Each microphone will have a transfer function
associated with it in converting the acoustic pressure into an electric signal, designated by Cin; In
Figure 60. The effects of these various transfer functions must be removed by multiplying each
of the frequency-domain signals by the reciprocal of those transfer functions, designated by Clini
in Figure 60. Before transforming the error signals to the frequency domain to do this
calibration, the error signals are first time-averaged to remove unwanted background noise from
the signals. This is done each time a new block of four time samples is obtained by using a
sliding exponential window, such that the averaged error signal is given by

€ () =C-e;()+(1-C)-e, . (t—=1). (4)

Here, C is a number that determines the effective length of the averaging window. This window
length is given approximately by 1/C, so that if C is chosen to be 0.005, for example, the window
effectively provides an average of about 200 blocks of data. Since synchronous sampling is
used, the desired signal will add up coherently as each block is averaged, while the extraneous
noise will tend to average out to zero.
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Figure 60.  Block diagram of the multi-mode system.

As each new block of data (consisting of four time samples for each sensor) is obtained
and time-averaged, a time-domain discrete Fourier transform (DFT) is performed that transforms
the data into the frequency domain. This is a very efficient operation, since only the first bin of
the DFT (which corresponds to the frequency of interest) needs to be calculated. After this
operation, each of the frequency-domain error signals is then multiplied by the inverse transfer
function for that error sensor, C'lin,i. This has the effect of calibrating the response of all of the
error sensors. These inverse transfer functions are obtained using an a priori calibration routine.
For the a priori calibration, a calibration speaker is driven by a Schroeder sine signal, which
consists of a number of sinusoids that span the entire frequency range of interest. These
sinusoids are phased in a manner that leads to a relatively uniform spectrum across the band of
frequencies of interest. The speaker and a calibration microphone are placed in close proximity
with the error microphone to be calibrated, and the responses of both the calibration microphone
and the error microphone are recorded. The data is transformed to the frequency domain, and the
ratio of the calibration microphone to the error microphone is then stored for each frequency
component. For operation of the controller, the calibration frequency component closest to the

66



operating frequency is identified, and the transfer functions for that frequency are downloaded to
the DSP and used by the controller for ol ini-

The control system then performs a circumferential modal decomposition for each ring of
error sensors. The default circumferential mode number is M = 2, although the controller allows
the user to specify any desired mode number, as well as the number of sensor rings and the
number of sensors/ring. The modal decomposition is accomplished using a look-up table of the
Fourier decomposition coefficients for the desired mode. The result of this step is that the
control system has an array of error signals that represent the circumferential modal amplitudes
for the desired modal index. There is one modal error signal for each ring, and this vector of
modal error signals is the quantity that is minimized, in a least squares sense, by the control
algorithm.

The next step for the control system is to calculate the control output, using the multi-
mode Newton’s algorithm, given by

ym(k)= (l—u}“l)YM(k_ ) _“xz(YM(k" D-yu(k —2))

—u[CECM]_ICEeM(k— . ®

In Equation 5, p is a convergence parameter chosen to maintain stability of the adaptive
algorithm, A, is a weighting factor designed to penalize large control values at the expense of
minimal attenuation of the error, and A, is a weighting factor designed to penalize excessively
rapid variations in the control signal that can lead to unstable behavior. As can be seen in Figure
60, ym(k) is the control output modal amplitude vector at time block k, and em(k) is the error
signal modal amplitude vector at time block k. The matrix Cy is the propagation path matrix,
whose componcnts Cwm,j consist of the transfer function from the j™ actuator ring modal
amplitude to the i i"™ sensor ring modal amplitude. The result of Equation 5 is a vector of updated
control signal modal amplitudes, where each component of the vector gives the complex modal
amplitude for the corresponding actuator ring. This modal amplitude will then be converted into
individual actuator signals that will be used for the next block of four time samples. The
conversion from modal amplitude to individual actuator signals is accomplished with a
circumferential reconstruction operation. This consists of multiplying the modal amplitude by
the appropriate Fourier coefficient, such as

U, (K) = Yy 0 (K)- €, (6)

where M is the circumferential mode index, n is the actuator ring number, i is the actuator index
for each actuator in the nth ring, k is the time block number, and 16 actuators/ring has been

assumed.

Each of the actuators has its own unique response, which must be corrected for to ensure
that a clean modal output results from the control signals. This is accomplished through both
hardware and software. For this research, the decision was made to carefully select the actuators
so that the magnitude and phase matching of the speakers within a given actuator ring were
within acceptable tolerances. As a result, the only calibration that the control system
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accomplished in this regard was to calibrate the electronics for each of the output channels. It is
also worth mentioning that it was decided to take advantage of the knowledge we have of the M
— 2 mode to be able to reduce the number of output channels required. As a result, there are only
four output signals from the controller for each ring at each time step, which are each shifted in
phase by 45°. Since the modal pattern repeats after that, the remaining actuators were driven by
wiring them either in or out of phase with the appropriate speaker from the four outputs. After
the control outputs were determined, they were then calibrated by multiplying them (in the
frequency domain) by the inverse transfer function of the electronic path associated with that
control channel.

The final step of the control system consisted of inverse transforming (to the time
domain) the output control signals to obtain the time domain control signals for each of the
output channels. These four signals (for each ring) were then output from the corresponding
control channel at the appropriate time step within the next time block.

7.1.2 Controller Hardware

The control system described in the previous section was implemented on a digital signal
processing (DSP) system in a manner to provide the user with significant flexibility. The
decision was made to implement the system using DSP boards manufactured by Spectrum Signal
Processing, based on the Motorola DSP96002 DSP chip. This decision was made due to the fact
that this board had been used for a previous stage of the research and had proven to work very
well for that research. Given the large number of input and output channels, and also given the
increased computational burden for the DSP system, it was determined that two Spectrum 96000
DSP boards would be needed, operating in parallel. These two boards were connected by means
of a backplane, which allowed the boards to share data that is needed by both processors. In
addition, each DSP board is equipped with a DSPLink connection, which Spectrum uses for
interfacing with input/output (I/O) boards. The capability exists to connect three I/O boards to
each DSP board. For this research, 32-channel input boards were used, as well as 16-channel
output boards. The hardware configuration chosen for the sensor and actuator rings is based on
ten microphones per sensor ring, and 16 actuators per actuator ring. As a result, the controller
was designed to operate with three input boards and two output boards, which provides the
capability of having nine sensor rings and eight actuator rings. Two input boards and one output
board are interfaced with the first Spectrum 96000 DSP board, while one input and one output
board are interfaced with the second DSP board.
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7.1.3 Controller Software

The control system was implemented with software designed to run on the Spectrum
96000 DSP boards described in the previous section. The code that was designed to run on the
DSP boards was programmed in assembly language, to provide maximum efficiency of
operation. The DSP boards are also capable of interacting with the host PC in which the DSP
boards are housed through dual-port RAM (DPRAM) memory. Given this capability, a menu-
based user interface was programmed in “C” that provides the user an efficient way of
interacting with the DSP boards, as well as provides real-time information that is displayed on
the screen to help the user determine the effectiveness of the control system.

Upon starting the program, the user is presented with a menu-interface that provides
options for carrying out the calibration steps and implementing the control system. In practice,
the sensor and actuator calibration are done before the inflow control device (ICD) is installed.
For the transducer calibration, the user is prompted to specify the number of transducers/ring, the
number of rings, the lower and upper frequencies of interest for the calibration, the frequency
step within that range, and the number of averages to include in the calibration measurement.
The calibration program for either the sensors or actuators is then started, and the user is
prompted as to which sensor or actuator will be calibrated. After completing the calibration for
that transducer, the calibration data is displayed, and the user is allowed to choose whether to
accept the data and go on, or to repeat the calibration for that transducer.

After the calibration of the transducers, but before the calibration of the propagation path
to determine the matrix, Cy, the user must then run a program that measures the frequency of
interest. This can either be done with the fan running, using the tach signal from the rotating
shaft, or with the fan off, using an artificial tach signal at the desired frequency. The purpose of
this step is to provide the control software with the information necessary to download to correct
calibration data to the DSP boards for the frequency of interest. After determining the tonal
frequency, the user can then run the program that does the calibration of the propagation path.
This is done in the following manner. If the calibration is done with the fan on, the modal
response of the acoustic field at each sensor ring location is first measured with no control
sources on. This provides a measure of the modal field excited with the fan alone. The
controller then excites each individual actuator ring with a control signal that corresponds to the
desired circumferential mode. The user is prompted for the amplitude of this mode. This then
excites the radial modes corresponding to that circumferential mode, and the response is again
measured at each of the sensor rings. If the fan is running, the modal response of the fan noise is
subtracted from the measured response, so that the resulting value corresponds to the
circumferential modal contribution of the actuator ring alone for each of the sensor rings. These
values are then stored as the components of the Cy matrix, where the ij"™ component is given by

Cpyyy = 1, (7

where ey ; is the measured response at the i™ sensor ring with the actuator ring operating, dm. is
the measured response at the i™ sensor ring with only the fan operating, and ym; is the modal
control signal driving the j™ actuator ring. To make this measurement, the user can also specify

69



—

how many averages are used for each measurement. When the measurement has been
completed, the user is shown the calibration data, and asked whether to accept the data and move
to the next actuator ring, or to repeat the calibration for that ring.

After all of the actuator rings have been used as sources to provide a fully populated Cy
matrix, the matrix is inverted to obtain CM'I. Since the matrix will not be square, in general, it is
necessary to use the pseudo-inverse, which is given as [CMH Cm ]'1 Cum". This is obtained by
means of a singular-value-decomposition (SVD) routine that has been programmed into the
control system. After the pseudo-inverse matrix has been obtained, the coefficients of CM'1 are
then stored in a data file that the control system downloads to the controller prior to starting the
actual control.

After all of the previous calibration steps have been completed, the user is prepared to
begin control of the fan duct noise. The user can select between manual control or automatic
control. In both cases, the algorithm is triggered by the tach signals from the rotating shaft, such
that the error sensors are sampled at four times the frequency of interest. At each time sample,
all of the error sensors are input to the controller, and the controller then outputs the previously
calculated actuator signals for that time sample. Based on which sample of the four sample
block has been input, the controller then performs one of the following four tasks. When a
complete block of four samples has been acquired, the controller performs a time-domain
average of the signals, using an exponential time window, as discussed previously. After the
next time sample has been acquired, the controller performs a DFT of all the error signals to
transform the time-averaged data into the frequency domain. Following this transform, each of
the error signals is then compensated, using the calibration data obtained for the error sensors.
After the next time sample has been acquired, the controller performs a spatial Fourier transform
using the frequency domain error signals to obtain the circumferential modal amplitudes for each
of the sensor rings. If the automatic control option has been selected, the controller then
calculates the output modal amplitude for each actuator ring for the next time block, using the
error modal amplitudes calculated. If the manual control option has been selected, the output
modal amplitudes are not changed from the values that were input by the user. It should be
noted that in the manual control mode, the user does have the ability to manually change those
output modal amplitudes through the on-screen menu options. After the next time sample of the
block has been acquired, the controller determines the frequency-domain output signals for each
individual actuator of each ring. These values are then compensated using the calibration data
obtained for the speaker channels. Finally, the frequency-domain output signals are transformed
back into the time domain, using a DFT, to obtain the next block of four time-domain output
signals for each actuator channel.

7.2 Verification Results For the BYU Controller
A number of tests have been performed to determine if the various tasks of the BYU controller

described in the previous section are working properly. This section will describe those tests and
the results of the tests.
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7.2.1 Error Sensor Calibration

When calibrating the error sensors, the error sensor and reference sensor signals were
also input to a dual-channel FFT analyzer, from which the transfer function between the two
sensors could be directly measured. The results of the calibration from the FFT analyzer were
then compared with the transfer function obtained by the DSP control system. The results were
found to agree very well with each other. In making the comparison, there was one difference
between the two measurement systems that had to be accounted for. The DSP system was only
capable of sampling four channels simultaneously. As a result, there was a small difference in
the sampling time for each successive block of channels sampled (8 ps). Thus, for example,
there was a 16 s difference between the first channel sampled, and the ninth channel sampled.
When this difference in sampling times was taken into account, the transfer functions measured
by the DSP system and the FFT analyzer were typically in agreement to within less than 1° in
phase, and 5% in magnitude (0.4 dB).

7.2.2 Actuator Channel Calibration

After the actuator channels had been calibrated, the manual control routine was run, and
the signals output from the actuator channels were input to the FFT analyzer. If the calibrations
were perfect, each successive output channel should have the same amplitude and a 90° phase
shift, relative to the previous channel. This was checked several times, and it was found that the
phase was typically within 0.1° of the desired phase, and 1% (0.1 dB) of the desired magnitude.

7.2.3 Frequency Estimate

This routine was tested by inputting a known frequency tach signal into the DSP system,
and verifying that the controller was able to estimate the proper frequency. When a proper tach
signal was presented to the controller, it was able to consistently estimate the proper frequency to
within 1 Hz. The biggest challenge that was faced was that the tach signal obtained from the
NASA test rig was not clean enough for the DSP system, such that occasional glitches occurred.
After some trial and error, a method was found to obtain a tach signal that worked well with the
DSP when using the tach signal corresponding to pulses at 256 BPF. There were still
occasionally some problems when using a tach signal corresponding to pulses at 128 BPF. This
did not affect the testing thus far, but could be an issue when simultaneously controlling both
inlet and exhaust, since the slower sampling frequency would allow more processing time for the
control system.

7.2.4 Propagation Path Calibration
This was the routine that was most difficult to verify proper operation, since there was no
obvious independent measurement of the propagation path transfer functions that could be

compared against. There were several steps taken, however, to try and verify proper operation.
The error signal data measured by the DSP system was stored during the calibration process.
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These signals were then independently processed in MATLAB to determine the propagation path
transfer functions that should have been obtained by the DSP system. These transfer functions
were then compared to those actually obtained by the DSP system, and it was found that the
results agreed very well, typically agreeing to five or six significant figures. The discrepancies at
that point were attributed to the difference in numerical precision between the DSP and
MATLAB. As a result, it was concluded that the DSP system was calculating the propagation
transfer functions properly, based on the measured input data.

The transfer function matrix is then inverted by the controller using a singular value
decomposition (SVD) to obtain the pseudo-inverse matrix used for the actual control routine.
This part of the process was tested by presenting many different matrices of different sizes and
values to the inversion routine. The matrix inverses were also computed using MATLAB, and it
was found that in all cases, the control system was obtaining the proper pseudo-inverse.

The one aspect of this calibration step that has not been able to be conclusively tested is
whether the DSP system is obtaining the proper error sensor signals during this calibration phase.
It is suspected that it may not be, which could lead to an inaccurate transfer function
measurement, and hence suboptimal control performance. The reason for this suspicion is as
follows. As this routine was designed for the tests to date, the user inputs a desired amplitude to
drive the individual actuator rings with. This amplitude is the same for all actuator rings.
However, it was observed that the various actuator rings responded somewhat differently, such
that the resulting sound levels at the error sensors was noticeably different with some actuator
rings than with others. This is particularly a problem when trying to do the calibration with the
fan running, since if the level is too low for one or more actuator rings, the response to the
actuator ring at the error sensor rings will be buried in the fan noise. This problem has been
corrected in the current version of the control system, in that the user is allowed to specify the
amplitude for each individual actuator ring. After the calibration for that actuator ring is
complete, the results are displayed on the screen, giving the user the opportunity to either accept
or reject the calibration data. If the calibration is rejected, the user can change the driving
amplitude if desired, and the process is repeated for that actuator ring. If it is accepted, the
control system moves on to the next actuator ring.

7.2.5 Control Algorithm

As mentioned previously, when implementing the DSP control, the user has the option of
using manual control (no adaption) or automatic control (with adaptive updates). When running
manual control, everything behaves as one would expect. The only real difference between the
routine for manual control and automatic control is the section of code that updates the control
output signals. The code is written in such a way that at each iteration, current and previous
error signals and control signals are stored on the DSP. As a test, current and past error sensor
signals and actuator output signals from a few control runs were downloaded to MATLAB.
These values were then used to predict what the current control outputs should have been, using
the Newton’s algorithm described previously. The stored calibration data were also used to
verify that the various calibration steps associated with the control routine were being calculated
properly. These predicted values were then compared with the values calculated by the DSP
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controller. Again, it was found that the results from the MATLAB calculations agreed with the
results from the DSP controller to five or six significant figures. Thus, it was concluded that the
control updates were being calculated in a proper manner.

7.3 Control Results

The previous sections indicate how each task associated with the controller was tested.
The control system was used in a number of tests to assess the performance of the overall control
system. In early testing, it was found that the attenuation achieved with the control system was
not nearly as effective as what was hoped for. The controller did demonstrate convergence, and
for most of the tests indicated that some amount of attenuation occurred. However, in many
cases, the amount of attenuation indicated by the control system did not agree well at all with the
results from the NASA rotating rake measurement. Considerable testing time was spent trying to
determine the possible cause of this discrepancy. This section will overview some of these early
test results.

Table 9 shows some of the results obtained for the inlet tests that were performed. The
controller was configured to attenuate the M = 2 circumferential mode. In the table for the inlet
noise, the actuator rows and sensor rows that were used are indicated by letters. There were a
total of four possible actuator rows, and five sensor rows. The lettering is such that “A”
represents the row closest to the rotor, while “D” (or “E” for the sensors) is the row closest to the
inlet.
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Table 9. Inlet Duct Tests

Test Number Corrected Actuator Rows Sensor Rows Attenuation
RPM (dB)

2525 1300 AB D.E 16
2527 1400 AB D.E 11
2529 1500 AB D.E 18
2531 1600 AB D.E 14
2532 1300 AB B.C 16
2533 1400 AB B.C 4

2534 1500 AB B.C 14
2535 1600 AB B.C 14
2546 1500 AB D.E 10
2547 1500 AB AB 21
2552 2000 AB,CD A.B.C.D 4

It can be seen with these test results that the controller was able to attenuate what it
measured for the sensor ring amplitudes. The difficulty that was observed is that the
measurements made by the NASA rotating rake did not agree at all with the controller results,
whenever sensor rings A,B, or C were used. In those cases, such as test 2535 for example, the
controller would indicate that attenuation had occurred, but the rake would indicate that either
amplification had occurred, or at best only minimal attenuation. However, whenever sensor
rings D and E were used, which corresponded to the sensor rings mounted on the lip of the inlet,
the results obtained from the controller and the rotating rake generally agreed within 1 or 2 dB.
There were some cases where the control was poor, but both systems still agreed on the results.

In trying to understand how to improve the performance of the BYU controller, there
have been two possible improvements that have been incorporated into the controller. As
mentioned previously, it is thought that there may be a problem with getting accurate sensor
input data for the propagation path calibration. The controller has been modified to give the user
more control over this process, which was designed to rectify any possible problem with this
step. The other possible difficulty is that the original version of the controller prompted the user
for initial actuator control signal values. Since nothing is really known about the control
solution, the values input by the user have a good possibility of being far from the optimal
values. The control then iteratively adapts towards the solution that minimizes the sensor ring
modal amplitudes.
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It is quite possible that the minima that the controller is trying to identify correspond to
very broad minima. This would have the effect of being able to allow the controller to be very
slow in converging, and to converge to a solution that may not be the desired minimum. To
overcome this possible effect, the controller has been modified so that the controller first
monitors the sensor ring amplitudes and then calculates the estimated optimal control based on
those signals. Those control signals are then used as the initial control signals, and the control
adapts from those initial values to try and fine-tune the control solution. This procedure is
incorporated into the Hersh controller, and it has been observed that the Hersh controller is
generally able to zero in on the desired solution faster and more robustly than the original BYU
controller. In the final testing, it was found that these changes led to improved performance.
The control results obtained with these changes are outlined in Section 8.
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8 ANC Test Results Measured By The NASA Lewis Rotating Rake
8.1 Test Bed

The GE ANC Modal Control System was tested installed in the NASA Lewis Research
Center’s (LeRC) 48" Active Noise Control Fan (ANCF)“’5 . The ANCF uses a 16-bladed
variable-pitch rotor and can be configured with stator vanes to provide specific mode generation
and propagation for Active Noise Control Research. A unique feature on the ANCEF is the direct
attachment of the rotor centerbody to the rig support column, eliminating the need for struts,
which could contaminate acoustic measurements. Additionally, an Inflow Control Device (ICD)
allows for static testing. The combination of low tip speed (~520 ft/sec) and the 48" diameter
produces fan tones of the same frequencies produced by full-size advanced engines. The ANCF
is constructed of component spool pieces that can be replaced by ANC systems to be tested.

The primary measurement device on the ANCF is the Rotating Rake. The Rotating Rake
is an implementation of a technique originally conceived by T.G. Sofrin® whereby a rake
containing radially distributed pressure transducers rotates in the circumferential direction a
precise fraction of the fan rotational speed. Since each circumferential acoustic mode is known
to rotate at a unique frequency7 in the rotor reference frame, a Doppler shift is induced in the
rake reference frame. Further reduction of the data into radial modes is accomplished through a
least squares curve fit®.

The ANCEF is located in the NASA LeRC’s Aeroacoustic Propulsion Laboratory’ (AAPL),
a hemispherical anechoic (to 125 Hz.), test facility. A schematic of the inlet and exhaust ANC
Modal Control Systems installed on the ANCF is shown in Figure 1. Descriptions of the systems
are provided in Sections 2.3 (exhaust) and 5.4 (inlet).

4 Heidelberg, L., Hall, D.G., Bridges, J.E., and, Nallasamy, M., “A Unique Ducted Fan Test Bed for Active
Noise Control and Aeroacoustics Research”, NASA TM-107213, May 1996; also AIAA Paper 96-1740,
May 1996.

5 Sutliff, D.L., Nallasamy, M., Heidelberg, L., and Elliott, D.M,, “Baseline Acoustic Levels of the NASA

Active Noise Control Fan”, NASA TM-107214, May 1996; also AIAA Paper 96-1745, May 1996.

Cicon, D.E., Sofrin, T.G., and Mathews, D.C., “Investigation of Continuously Traversing Microphone
System for Mode Measurement”, NASA CR-16804, Nov. 1982.

7 Tyler JM., and Sofrin T.G., “Axial Flow Compressor Noise Studies”, SAE Transactions, Vol. 70, 1962,
pp- 309-332.
8 Hall, D.G., Heidelberg, L., and Konno, K., “Acoustic Mode Measurements in the Inlet of a Model

Turbofan using a Continuously Rotating Rake: Data Collection/Analysis Techniques”, NASA TM-105963,
Jan. 1993; also AIAA Paper 93-0599, Jan. 1993.

Cooper, B.A., “A Large Hemi-Anechoic Chamber Enclosure for Community-Compatible Aeroacoustic
Testing of Aircraft Propulsion Systems”, Journal of the Institute of Noise Control Engineering of the USA,
Jan/Feb 1994.
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Figure 61.  Schematic of active noise control system hardware installed on the active
noise control fan

8.2 Test Conditions

The test of the inlet and exhaust ANC Modal Control Systems occurred over the period of
June 1998 to January 1999. The performance of two controllers was tested. These are referred to
as the MMNA (for the GE CRD/BYU Multi-Mode Newton Algorithm) and the AQ (for the
Hersh Acoustics Adaptive Quadrature algorithm), and are described in Sections 2.3 (AQ)and 7.1
(MMNA). Each controller was tested, separately, in the inlet and the exhaust. The hardware,
amplifiers, actuators, microphones and signal conditioners were kept in the respective duct
locations. Only the controller and computer VO were changed. The rotating rake measured the

performance of each setup.

The ANCF configuration was 30 vanes (spaced axially at 4.5” from the rotor) with a blade
pitch of 40°. The system was tested over a fan corrected (to 59°F) RPM range of 1100 to 2450.
BPF is cutoff over this range with this rotor-stator configuration. The primary circumferential
rotor-stator interaction mode at 2BPF is m=2. Up to 4 radial modes can propagate in the inlet,
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while in the exhaust 3 radial modes can propagate at the nominal fan speed of 2300 RPM. Table
10 shows the cut-off RPM for the radial modes.

Table 10 Cut-off rpm for circumferential mode m=2
RADIAL INLET EXHAUST
MODE # (Radius ratio=0.0) (Radius ratio=0.5)
0 509 447
1 1118 1178
2 1662 2159
3 2195 ---

8.3 Rotating Rake Results
8.3.1 Modal Distortion Characteristics with Fan at Idle

The ANC systems were tested with the fan at idle to document the modal purity of the
actuator arrays and signal distribution systems. Testing the system in this manner provides the
modal distortion characteristics. Modal distortion is qualitative and quantitative amount of
power in modes other than the desired control modes. The modal signal-to-noise ratio can be
defined as the difference between the m=2 PWL and the PWL of the extraneous modes (1.€.,
mathematically removing the m=2 PWL from the total tone PWL). A difference of 15 dB or
more is desirable. Modal distortion is generally the primary limiting factor in tone PWL
reduction.

The modal purity of the MMNA controller using the inlet hardware is shown in Figure
62. Rows A, B, and D show a very strong m=2 mode 25 dB above the extraneous modes. The
modal signal-to noise ratio is 13.4 to 16.3 dB for these driver rows. The MMNA control system
incorporates the calibration of the actuator-to-actuator variation. This may account for the very
good signal to noise ratio. The very low signal-to-noise ratio, -2.4 dB, of driver row C indicates
a problem. There are significant extraneous modes at m = -10, -6, -2, 6, 10. This is a distinct
pattern of extraneous modes of 2 +/-4n. The MMNA controller uses 4 output channels per row.
These 4 output channels are each split into 4 signals to obtain the 16-actuator signals that are sent
to the actuator amplifier. An error in this wiring split caused the signals to the actuators to be
incorrectly phased (A@=45° for m=2) resulting in the spatial distortion pattern of +/-4n. The
wiring was corrected. The modal character of row C was then measured by the in-duct
microphone sensor rings to be the same order as those of the other rows.
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